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 The wheat curl mite (WCM), Aceria tosichella Keifer, is an economically 
important pest of winter wheat (Triticum aestivum L.) in the Great Plains of North 
America due to its ability to transmit three viruses: Wheat streak mosaic virus (WSMV), 
Triticum mosaic virus (TriMV), and High Plains wheat mosaic virus (HPWMoV). WCM 
is the only known vector of these plant viruses, making up the wheat-mite-virus complex. 
 TriMV was recently discovered in 2006, but the transmission characteristics are 
largely unknown. A study was designed to characterize TriMV acquisition and retention 
periods for the WCM. For TriMV acquisition, nymphs were placed on TriMV infected 
wheat and allowed to feed for various time increments. After the allowed feeding time, 
single mites were then transferred to a series of test plants. For TriMV retention, TriMV-
viruliferous adults were transferred to barnyard grass (Echinochloa crus-galli (L.) P. 
Beauv), a host for the mites and non-host for TriMV, and held for 1 to 12 days. Single 
mites were then transferred to wheat test plants. Results show that WCM can acquire 
TriMV within an hour, but poor transmission resulted. Transmission increased with 
increased acquisition time and peaked after 16 hours. WCM adults can retain TriMV for 
up to 4 days with a steady transmission rate.  
 
 
 Management of this complex relies on the control of the over-summering 
alternative hosts known as the green bridge. Corn (Zea mays L.) has been documented as 
an alternate green-bridge host for the wheat-mite-virus-complex, but much of the 
literature is 30-50 years old; therefore, a field study was conducted to evaluate the 
ecology of WCM on reproductive stage corn and the mite’s ability to carry viruses 
through corn and back to wheat. Corn was manually infested with viruliferous mites of 
different virus combinations. Results indicate that reproductive stage field corn can 
support populations of viruliferous WCM, and mites moving off corn are able to carry 
WSMV and HPWMoV from corn to wheat. TriMV was found to be transmitted at low 
levels. This study provides a better understanding of corn as a potential green bridge host 
where corn and winter wheat seasons overlap.  
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Introduction 
 The wheat curl mite (WCM), Aceria tosichella Keifer, is able to transmit three 
viruses to winter wheat (Triticum aestivum L.); Wheat streak mosaic virus (WSMV), 
High Plains wheat mosaic virus (HPWMoV), and Triticum mosaic virus (TriMV) 
(Slykhuis 1955, Seifers et al. 1997, 2008). This wheat-mite-virus complex was the second 
most important disease to Kansas producers in 2017 where it caused an estimated 5.6 
percent loss in wheat (Hollandbeck et al. 2017). Within this complex, WSMV has been 
the most commonly studied and is the most prevalent of the three viruses (Byamukama et 
al. 2015).  
 For optimal management of this virus complex, it is necessary to understand the 
virus-vector-host relationship. Due to TriMV being recently discovered, not much is 
known about its relationship with the WCM. Therefore, it is important to determine the 
mite-virus transmission characteristics, beginning with the acquisition and retention 
periods as outlined by Nault (1997).  
 Information is also limited on epidemiology of this complex on corn (Zea mays 
L.). Corn can potentially serve as a reservoir for mites and virus through the summer 
green bridge period. Understanding the ecology of the mites on corn and the 
epidemiology of the virus as it passes through corn will allow for better risk assessment 
under field conditions.    
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Classification and Identification  
 The WCM is found worldwide and is a member of the family Eriophyidae (Order: 
Trombidiformes) (Oldfield and Proeseler 1996). In 1938, Keifer described and identified 
mites found on wheat in North America. Due to many morphological similarities, he 
believed that this mite was the dry bulb mite, Aceria tulipae Keifer. Later, Shevtchenko 
et al. (1970) proposed that the name A. tulipae only be used for mites found on Liliaceae 
and he described the mite species found on winter wheat and proposed the name Aceria 
tritici. Prior to this proposal, Keifer (1969) had described a mite species found on wheat 
in Yugoslavia, which was identical to A. tritici, and named it Aceria tosichella. Due to 
this, the name Aceria tosichella takes priority, resulting in the separation of the two 
species, A. tulipae and A. tosichella (Amrine and Stasny 1994). However, in 1971 
Newkirk and Keifer reassigned Aceria into the genus Eriophyes. After much controversy, 
the International Commission of Zoological Nomenclature restored the genus Aceria in 
1989 (Amrine and Stasny 1994). Due to these many changes and confusion in the 
WCM’s taxonomic history, it has been referred to in the literature as Aceria tulipae, 
Eriophyes tulipae, and Aceria tosichella.  
 One method that has been used to manage the mite-virus complex in wheat has 
been WCM resistant varieties. TAM 107 was a WCM resistant variety generated through 
a translocation from rye (Porter et al. 1987). TAM 107 and other varieties containing the 
same WCM resistance gene were widely adopted and used in the Great Plains of North 
America in the late 1980’s and 1990’s. In the mid 1990’s, WCM had adapted to TAM 
107 in Kansas (Harvey et al. 1995, 1997). To evaluate the range of this adaptive 
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response, Harvey et al. (1999) collected WCM from several locations throughout the 
Great Plains and tested them against multiple sources of known WCM resistance. They 
concluded that WCM collections from different geographical locations varied in their 
virulence to different sources of resistance, indicating the presence of three possible 
biotypes (Harvey et al. 1999). These three biotypes (Kansas, Nebraska, Montana) also 
showed different responses to various lines of Aegilops tauschii Coss., a commonly used 
gene source for wheat (Malik et al. 2003). In addition, five of these mite colonies used by 
Harvey et al. (1999) also showed differential transmission of HPWMoV (Seifers et al. 
2002), and McMechan et al. (2014) used the same five colonies to show differential 
transmission of TriMV.   
 The five populations mentioned in the previous studies, along with A. tulipae 
were tested by Hein et al. (2012) for genetic differences using PCR and sequencing of 
segments of the mitochondrial cytochrome oxidase subunit I (COI) and subunit II (COII), 
and the ribosomal DNA (ITS), and demonstrated a clear distinction between A. tulipae 
and A. tosichella. Also, from the five WCM populations, two distinct haplotypes were 
identified: Type 1 (Kansas, South Dakota, Montana, and Texas) and Type 2 (Nebraska). 
These same genetic differences indicating two distinct lineages of WCM were also found 
in Australia (Carew et al. 2009).  
Wheat Curl Mite Biology and Ecology 
 The wheat curl mite is yellow-white in color and it has only four legs and a cigar-
shaped body that ranges in length from 150-270 microns (Keifer 1938, Staples and 
Allington 1956). Due to their small size, single mites are difficult to see by the naked eye 
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and often require the use of a stereomicroscope to be observed (Staples and Allington 
1956). WCM mouthparts consist of a two-lobed rostrum and a pair of smooth, needle-like 
stylets (Orlob 1966a). The stylet measures approximately 5 microns in length and only 
about one-third of the stylet length is involved in actual penetration of plant epidermal 
cells (Orlob 1966a).  
 Wheat plants heavily infested with A. tosichella may show various degrees of 
chlorosis (Slykhuis 1955, Staples and Allington 1956). Under high populations, WCM 
feeding can also cause rolling of the leaves and may lead to “trapped leaves” where the 
tip of the emerging leaf gets trapped in the curling of the older leaves (Orlob 1966a). The 
leaf rolling creates suitable conditions for increased WCM colonization and survival. 
Wheat heads can also become slightly trapped under heavy populations, possibly 
reducing overall yield (Orlob 1966a, Somsen and Sill 1970). 
 The WCM lifecycle takes approximately 7-10 days to complete, and it consists of 
an egg, two nymphal stages, and an adult (Staples and Allington 1956). Prior to each 
molt, the mite goes through a quiescent phase where it is incapable of movement and 
appears translucent (Staples and Allington 1956). Once an adult emerges it goes through 
a preoviposition period for 1 to 2 days.  
 Identification of the two nymphal stages and adults can be challenging due to 
morphological similarities (Staples and Allington 1956). The first nymph can be readily 
recognized due to its smaller size and its triangular shape. However, the length of the two 
nymphal stages and adult can overlap making it difficult to absolutely identify the stage 
of the mite. However, the setal arrangement differs for the first nymph. The setae located 
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on the posterior margin of the shield arise perpendicular to the body or project anteriorly 
on the first nymph, while setae in the second nymph and adult tend to project backwards 
over the abdomen.   
 WCM females produce haploid male offspring by arrhenotokous parthenogenesis 
(Helle and Wysoki 1983). WCM have an indirect method of sperm transfer where 
females pick up spermatophores that are deposited on the plant surface by the male 
(Oldfield 1970). Once fertilized, the females produce both haploid males and diploid 
females.  Each WCM female is capable of laying at least 12 eggs (Staples and Allington 
1956). However, Salome et al. (1964) documented that as many as 25 eggs were laid by 
individual females over a ten-day period. Under ideal conditions, it is estimated that a 
single female mite could have over 3 million descendants in 60 days (Somsen and Sill 
1970). 
 Temperature and humidity have been shown to affect WCM egg development. 
Egg hatch was almost completely arrested at 15°C and is dependent on the humidity 
(Slykhuis 1955). At 25°C few eggs hatched at 75% humidity and at a humidity of 50% or 
lower no eggs hatched. The majority of eggs hatched at humidity levels approaching 
100%. All stages of the mite can be found overwintering in wheat (Nault and Styer 
1969). Slykhuis (1955) showed that mites generally survive lower temperatures than their 
host wheat plants. 
 Temperature and humidity have also been shown to significantly impact off-host 
survival of WCM. Off-host survival decreased as temperature increased and relative 
humidity decreased. Mites were able to live approximately 6-8 days at 10°C and 95% 
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humidity, while they lived less than 8 hours at 30°C and 2% humidity (Wosula et al. 
2015a). Salome et al. (1964) was also able to demonstrate that adult mites kept at 24°C 
without food and water survived less than 8 hours. When adults were placed on potato 
dextrose agar, and wheat-decoction-dextrose agar they were able to live for 
approximately 80 days, but nymphs could not survive (Salome et al. 1964). The adults 
that survived were able to form colonies when transferred to wheat plants.   
Viruses Transmitted by Wheat Curl Mite 
Wheat Streak Mosaic Virus  
 Wheat streak mosaic virus (WSMV) was first observed in Nebraska by Peltier in 
1922 (Staples and Allington 1956). WSMV is the type species in the genus Tritimovirus, 
family Potyviridae (Stenger et al. 1998). It is a positive-sense single-stranded RNA virus 
that is ~9384 nucleotides long and encodes a single polyprotein of 3,035 amino acid 
residues. WSMV is often associated with flexuous rod-shaped particles when observed 
within the WCM (Paliwal and Slykhuis 1967). The WCM is the only vector of WSMV 
(Slykhuis 1955). This was confirmed by testing other species of insects and mites that 
may be found in or around wheat fields (Connin and Staples 1957). WSMV is also 
transmissible by wheat seed, but at a very low rate of .5%-1.5% (Jones et al. 2005). 
WSMV is capable of infecting almost all varieties of wheat (Triticum aestivum L.), 
barley (Hordeum vulgare L.), and oats (Avena saliva L.) (Brakke 1971), and it can infect 
many plants within the grass family Poaceae (McNeil et al. 1996).  
 WSMV symptoms often consist of a yellow mosaic pattern of parallel 
discontinuous streaks, stunting, and rosetting (Wegulo et al. 2008). Symptoms are often 
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more severe on the oldest leaves while the younger leaves will show the most 
characteristic mosaic symptoms. Late stages of WSMV symptom expression can be 
confused with Barley yellow dwarf virus. The severity of WSMV symptoms often 
depends on the time of infection and the environmental conditions (Hunger et al. 1992, 
Wegulo et al. 2008, Wosula et al. 2018). Winter wheat plants infected during their early 
growth stages in the fall show severe symptoms in the spring. If infected in the later 
growth stages the stunting or rosetting may be subtle or nonexistent. Temperature is 
another factor that can affect the severity of the symptoms. A cooler spring will delay 
symptom development while a warmer spring will cause WSMV symptoms to progress 
more rapidly.  
 McNeil et al. (1996) found a total of 32 distinct restriction length polymorphism 
(RFLP) types in five Nebraska counties. There was as much genetic variation of these 
RFLP types within the fields as there was among the counties. They concluded that there 
are three main and many minor lineages of WSMV cocirculating in those regions of 
Nebraska.  WSMV has resident populations in North America and Eurasia (Rabenstein et 
al. 2002). Three WSMV strains within North America have been sequenced and they are 
all vectored by the wheat curl mite (Brakke 1958, Choi et al. 1999, 2001, Hall et al. 2001, 
Sánchez-Sánchez et al. 2001). The Type and Sidney 81 strains were isolated from the 
Great Plains and are 97.6% and 98.7% similar in their nucleotide sequence and amino 
acid sequence identities, respectively (Choi et al. 2001).  The El Batán strain was isolated 
from wheat in the Central Highlands of Mexico (Sánchez-Sánchez et al. 2001). This 
strain was divergent from the Type and Sidney 81 strains, sharing 79.2-79.3% of 
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nucleotide sequence identity and 90.3%-90.5% of its amino acid sequence identity (Choi 
et al. 2001).   
High Plains Wheat Mosaic Virus  
 High Plains wheat mosaic virus (HPWMoV) (genus Emaravirus, family 
Fimoviridae), formerly known as High plains virus and wheat mosaic virus, was first 
reported in corn in 1993-1994 from Colorado, Idaho, Kansas, Nebraska, and Texas 
(Jensen and Lane 1994, Jensen et al. 1996). HPWMoV has also been reported in 
Montana, Wyoming, Ohio and more recently Argentina, the first detection of HPWMoV 
in South America (Burrows et al. 2009, Stewart et al. 2013, Alemandri et al. 2017). 
HPWMoV is comprised of eight genomic RNAs, which is the largest number that has 
been found in any known negative-strand RNA plant virus (Tatineni et al. 2014). It is 
associated with a 32-kDa protein, a double membrane-bound particle that is 80-200 nm in 
diameter (Ahn et al. 1998). This 32-kDa protein may represent the nucleocapsid protein 
(Skare et al. 2006).  
 HPWMoV is not mechanically transmissible, and the WCM is the only known 
vector (Jensen et al. 1996, Seifers et al. 1997). However, it has been shown to be 
transmitted by vascular puncture inoculations (Louie and Seifers 1996). Jensen et al. 
(1996) observed that HPWMoV symptoms on corn are easier to distinguish from the 
symptoms on wheat. Susceptible dent corn hybrids and sweet corn that are infected early 
with HPWMoV are stunted and the leaves develop a general mosaic or streaking. Older 
corn tissue usually develops red streaks and eventually becomes necrotic, while the 
newer tissue continues to have the mosaic pattern (Jensen et al. 1996). If sweet corn and 
10 
 
field corn are infected early, the ears may be unacceptable due to being stunted and 
deformed. On wheat, HPWMoV symptoms usually start as small chlorotic spots and then 
rapidly expand into a mosaic and then yellowing of the plant (Jensen et al. 1996). 
HPWMoV infections in the field are often mixed with WSMV (Byamukama et al. 2015). 
HPWMoV is capable of infecting cheatgrass, corn, barley, oats, rye, green foxtail, yellow 
foxtail, and wheat; however, infection is dependent on the WCM numbers present 
(Seifers et al. 1998).  
Triticum Mosaic Virus  
 Triticum mosaic virus (TriMV) (genus Poacevirus, family Potyviridae) was 
identified in 2006, infecting wheat in Kansas and expressing similar symptoms to WSMV 
(Seifers et al. 2008). TriMV has a single mRNA strand that is 10,266 nucleotides long 
with a polyprotein consisting of 3,112 amino acids (Fellers et al. 2009). The coat protein 
is estimated to have a mass of 35-kDa (Seifers et al. 2008). TriMV shares 45.9% of its 
identity to Sugarcane streak mosaic virus and 23.2% of its identity to WSMV (Fellers et 
al. 2009, Tatineni et al. 2009). The WCM has been identified as the vector of TriMV 
(Seifers et al. 2009). Although TriMV is similar to monopartite viruses in the genera 
Potyvirus, Rymovirus, and Tritimovirus, it is significantly divergent and has an unusually 
long 5’ leader sequence (Fellers et al. 2009, Tatineni et al. 2009). Due to these 
characterisitcs, TriMV is the type member of the new genus Poacevirus (Tatineni et al. 
2009). Wheat yields can be reduced by TriMV infection, but this may be wheat cultivar 
specific (Seifers et al. 2011). TriMV populations have low amounts of genetic variation 
with field populations being very homogenous (Fuentes-Bueno et al. 2011). It was also 
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observed that experimental populations of TriMV exhibit lower mutation frequencies 
than WSMV within wheat (Bartels et al. 2016).  
 TriMV is widespread throughout the Great Plains with infections occurring in 
Colorado, Kansas, Nebraska, Oklahoma, South Dakota, Texas, Wyoming, North Dakota, 
and Montana (Burrows et al. 2009, Byamukama et al. 2013). Surveys conducted in 2010 
and 2011 in the Great Plains showed that 91% of the TriMV-positive samples were also 
infected with WSMV indicating that it is often found in association with WSMV in the 
field (Byamukama et al. 2013). TriMV has synergistic interactions with WSMV during 
co-infections, with TriMV exceeding the titer of WSMV in the late infection process 
(Tatineni et al. 2010). Symptom expression and yield loss in wheat are more severe 
during a co-infection of TriMV and WSMV, with a negative impact on the biomass, 
tillers, total nitrogen, and total carbon (Byamukama et al. 2012, 2014). Several grass 
species and crops are susceptible to mechanical inoculations of TriMV including, barley, 
oats, rye, cheatgrass, jointed goatgrass, and green foxtail (Seifers et al. 2010).  
Characteristics of General Virus Transmission 
 Virus transmission consists of at least three step-wise processes: (1) the uptake of 
the virus from an infected source; (2) retention of acquired virions at requisite sites within 
or on the vector; and (3) the release of bound or retained virions and their delivery to a 
site of infection (Ng and Perry 2004). Insects transmit the majority of the described plant 
viruses with Hemipteran insects transmitting about 55% of the vectored viruses 
(Hogenhout et al. 2008). Due to this, most plant virus transmission mechanisms are 
described from the order Hemiptera (Ng and Falk 2006). Four modes of transmission 
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have been proposed to help describe virus-vector relationships. The noncirculative modes 
consist of nonpersistent and semipersistent transmission, and the circulative modes 
consist of persistent-circulative (nonpropagative transmission) and persistent-propagative 
transmission (Nault 1997, Ng and Perry 2004). Several virus-vector characteristics can be 
used to help characterize a plant virus into one of the four groups. Nault (1997) listed 
these characteristics as acquisition time, retention time, retention through vector molts, 
presence in hemolymph, latency period, replication in the vector, and transovarial 
transmission.  
Noncirculative Transmission 
 Nonpersistent virus transmission is mainly characterized as having a very short 
acquisition time, often from seconds to minutes, and being retained for only a few 
minutes (Nault 1997). Nault et al. (1971) indicated that maize dwarf mosaic virus could 
be acquired in less than a minute and retained for as long as 25 minutes in the vector, but 
transmission greatly declined five minutes after acquisition. All nonpersistent viruses are 
transmitted readily by mechanical inoculation and all are vectored by aphids due to their 
probing behavior. The retention site for nonpersistent viruses is often the vector’s 
mouthparts, but the foregut has also been reported (Ng and Falk 2006, Fereres and 
Raccah 2015). Nonpersistent viruses are acquired and inoculated mostly by penetrating 
the epidermal cells of the plant (Ng and Falk 2006). These viruses do not cross the 
midgut barrier and are lost when the insect molts (Fereres and Raccah 2015). Many 
nonpersistent viruses also require helper components that mediate virus transmission, and 
this process is known as the helper strategy (Ng and Falk 2006). These helper 
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components are proteins produced by the virus during plant infection, and they are 
involved in the attachment of virus particles at the retention site. They often act as a 
“bridge” at the retention site between a coat protein in the virus capsid and insect cuticle. 
Some nonpersistent viruses use coat proteins, found on the capsid, to directly bind to the 
retention site without the use of a helper component. This is called the capsid strategy. 
Cucumber mosaic virus is one of the most well-known plant viruses that utilizes the 
capsid strategy (Palukaitis et al. 1992, Palukaitis and García-Arenal 2003). 
 For semipersistent transmission, acquisition time takes minutes to hours and the 
virus can often be retained for as long as a few days (Nault 1997; Ng and Falk 2006). 
Compared to nonpersistent transmitted plant viruses, the acquisition and inoculation of 
semipersistent viruses mostly occurs from and to the phloem tissues (Ng and Falk 2006). 
Semipersistent viruses are vectored by multiple groups of vectors, including aphids, 
whiteflies, and leafhoppers in contrast to nonpersistent viruses only being vectored by 
aphids. With semipersistent viruses, transmission efficiency increases with prolonged 
feeding (Palacios et al. 2002). Some semipersistent viruses can be mechanically 
transmitted, while others may require special techniques that puncture vascular cells 
(Nault 1997). The mouthparts and the foregut have also been reported to be the site of 
retention for semipersistent transmitted viruses (Fereres and Raccah 2015), thus these 
viruses are lost during molting (Sylvester 1980). Semipersistent viruses have been shown 
to utilize both the capsid and helper strategies; however, they can be much more complex 
than nonpersistent viruses. Cauliflower mosaic virus (CaMV) (genus Caulimovirus) is 
semipersistently transmitted and requires two viral-encoded helper components 
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designated as P2 and P3 for transmission as well as a major virion coat protein (Leh et al. 
1999, 2001).  
Circulative Transmission  
 Circulative viruses are different from noncirculative viruses in that they move 
through the vector (Hogenhout et al. 2008). This involves the virus moving from the gut 
lumen into the hemolymph or other tissues. It eventually enters the salivary glands where 
it is introduced back into the plant during feeding. Due to circulation throughout the 
vector, the virus must overcome multiple barriers in order to be successfully transmitted. 
Four barriers have been identified: (1) midgut infection barrier, (2) dissemination barrier 
(midgut escape and salivary gland infection), (3) salivary gland escape barrier, and (4) 
transovarial transmission barriers (Hogenhout et al. 2008). Circulative viruses also have a 
latency period, or the delay in the ability to inoculate after acquisition of the virus (Nault 
1997, Hogenhout et al. 2008). The latency period exists because it takes time for the virus 
to travel from the gut and into the salivary glands after virus acquisition. The multiple 
barriers that were mentioned earlier likely play a role in the latency period. Unlike 
noncirculative transmission, viruses with circulative transmission are retained through the 
molt of the vector. This is because it is not attached to the cuticle of the stylet or the 
midgut, which is shed during the molting process of arthropods.   
 There are only a few differences between persistent-circulative and persistent-
propagative transmission. Virus acquisition takes hours to days for both modes, but 
retention times often range from several days to weeks for persistent-circulative 
transmission. However, for persistent-propagative transmission, the virus is often retained 
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for the lifespan of the vector (Nault 1997; Hogenhout et al. 2008). The major difference 
between persistent-circulative and persistent-propagative transmission is that propagative 
viruses multiply in the vector, and this intimate relationship often allows transovarial 
transmission to occur, allowing infection of the vector’s progeny. Tomato spotted wilt 
virus (TSWV; genus Tospovirus, family Bunyaviridae), transmitted by multiple thrips 
species, has been shown to replicate in different tissue systems of one of its vectors 
Frankliniella occidentalis (Pergande) including midgut epithelial cells, muscles in the 
alimentary canal, and the primary salivary glands (Wijkamp et al. 1993, Ullman et al. 
1995). Even though TSWV is propagative, it is not transovarially transmitted. Virus 
species within the families Luteoviridae, Geminiviridae, and Nanoviridae are transmitted 
in a persistent-circulative manner, therefore, they do not replicate within the vector and 
can’t be passed to the progeny (Hogenhout et al. 2008). It is expected that circulative 
viruses will have a more intimate relationship with their vector due to the multiple 
interactions that occur once inside the vector.  
Mite-Virus Transmission 
Wheat Streak Mosaic Virus Transmission  
 Within the wheat-mite-virus complex, WSMV transmission has been studied the 
most. However, it is not clear if WSMV is transmitted in a circulative or non-circulative 
manner. It has been referenced as both semipersistent (Stenger et al. 2005b, Ng and Falk 
2006, Bragard et al. 2013) and persistent (Orlob 1966a, Paliwal 1980) in the literature. 
Orlob (1966a) documented that WCM can acquire WSMV within 15 minutes, but 
transmitted at a low transmission rate of <1%. The efficiency of WSMV transmission 
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increased as the WCM were allowed longer acquisition periods, and after the WCM were 
exposed to infected tissue for 16 hours the transmission rate increased to about 50%. This 
rapid acquisition of WSMV is more characteristic of the non-circulative viruses.  
 Studies have provided evidence that the mechanism of WSMV transmission may 
involve circulation of the virus through body tissues and into the saliva. WSMV has been 
found in the body fluids, midgut, and hindgut of the WCM (Paliwal and Slykhuis 1967, 
Sinha and Paliwal 1976, Paliwal 1980). Large amounts of WSMV flexuous rod particles 
accumulated in the midgut of WCM mites reared on infected plants and these particles 
remained undegraded for at least five days (Paliwal 1980). Takahashi and Orlob (1969) 
indicated that densely packed WSMV particles appeared in the gut after two hours access 
to infected plants and increased with feeding time. After four days, the particles 
disintegrated in the midgut, but remained unchanged in the hindgut. WSMV particles 
have also been found in the hemocoel and the salivary glands (Paliwal 1980). The 
inability or limited efforts to replicate and confirm these studies has resulted in 
uncertainty of circulatory status of WSMV in WCM.  
 Orlob (1966a) was able to demonstrate that WSMV viruliferous WCM held at 
room temperature (23°C-28°C) retained the virus for at least 7 days. At 3°C they 
remained infective for 61 days, demonstrating their potential to retain the virus 
throughout the winter. WSMV can also be retained through the molting processes of the 
mite (Orlob 1966a, Siriwetwiwat 2006). Retention of WSMV seems to fit the 
characteristics of persistent-circulative viruses.  
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 All WCM stages can transmit WSMV except the egg (Orlob 1966a, Siriwetwiwat 
2006). Adult WCM are less efficient vectors of WSMV than first or second nymphs 
(Orlob 1966a). Siriwetwiwat (2006) reported a WSMV transmission rate of 43.3% by 
adults and 67.9% by immature WCM. The infectivity of adult mites seems to decrease as 
the mite grows older. It has been indicated by multiple investigators that WCM adults are 
able to transmit WSMV, but only after they have acquired it as an immature (Slykhuis 
1955, del Rosario and Sill 1965, Orlob 1966a, Siriwetwiwat 2006). Since the adult is not 
able to acquire WSMV, virus spread must originate from the plant the adult developed 
on. This may also affect the amount of time the adult is able to retain the virus, as it can’t 
reacquire it once reaching adulthood. Orlob (1966a) was also able to isolate WSMV from 
WCM adults which fed on virus infected leaves only after reaching the adult stage, but 
could not transmit it. He concluded that WCM adults could acquire the virus but the re-
inoculation of the virus was blocked somewhere within the mite. He also immersed 
viruliferous WCM in a 1% fomaldehyde bath for two minutes, which would destroy the 
virus if found externally on the mite. He found no loss in their ability to transmit the 
virus. From the literature, WSMV transmission seems to share characteristics of both 
noncirculative and circulative viruses. The ability to retain the virus through the molt and 
retain it for several days as an adult indicates it is persistent. However, other factors of 
WSMV transmission indicate it is likely that eriophyid transmission may not clearly fall 
into any of the Hemipteran described virus transmission mechanisms. More studies will 
need to be done to determine the best fit for eriophyid mite transmission.   
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 A helper component-proteinase (HC-Pro) that is required for aphid transmitted 
plant viruses of the genus Potyvirus has also been shown to play an active role in the 
mediation of WSMV transmission by the WCM (Gray and Banerjee 1999, Ng and Perry 
2004, Stenger et al. 2005b). This is the first documentation that HC-Pro is required for 
virus transmission by a vector other than aphids (Stenger et al. 2005b). Deletion of as few 
as 24 nucleotides near the 5’-proximal end of HC-Pro eliminated transmission by the 
WCM (Stenger et al. 2006); however, WSMV HC-Pro was not required for replication or 
movement within the plant (Stenger et al. 2005a). The function of HC-Pro in WSMV 
transmission is still unknown, but it has a different function than described for aphids, 
because in aphid transmitted potyviruses HC-Pro helps bind the virus to the cuticle, and it 
is lost during the molt. But WSMV is retained through the molt, indicating a different 
role for HC-Pro in WSMV transmission. Recently, the WSMV coat protein has also been 
shown to be a determinant of WSMV transmission by WCM through deletion and point 
mutations (Tatineni et al. 2018). This is the first documentation of coat protein being a 
determinant for an eriophyid mite transmitted virus, but the function of this protein in the 
transmission process is unknown.  
 Differences in transmission have also been reported for different WSMV strains 
and WCM types. Wosula et al. (2015b) observed differential transmission of the Sidney 
81 and Type strain by different WCM populations. Type 2 WCM transmitted both 
WSMV strains at higher rates than the other mite populations used in the study. The other 
populations that were collected from Nebraska (NE), Montana (MT), and South Dakota 
(SD) transmitted the Sidney 81 strain at a higher rate that the Type strain. The 
19 
 
transmission efficiency of WSMV has also been shown to be negatively impacted by 
mites coming from a WSMV resistant line (Harvey et al. 2005). These differences in 
transmission likely affect the epidemiology of WSMV throughout the Great Plains 
region.  
High Plains Wheat Mosaic Virus Transmission  
 Seifers et al. (2002) demonstrated that WCM colonies from different geographical 
regions differed in their ability to transmit HPWMoV isolates. Mites from South Dakota 
(SD) and Texas (TX) had a 0-6% transmission rate of the five HPWMoV isolates tested. 
WCM from Kansas (KS) were only able to transmit one HPWMoV isolate from 
Colorado at a 3% transmission rate. WCM from Nebraska (NE) were the most efficient 
transmitters of HPWMoV at a transmission rate of 64% with ten mites per plant. 
Montana (MT) WCM were also able to transmit all five of the tested isolates at lower rate 
of 15%. However, they also observed that WSMV-virulent MT mites that exhibited 
higher rates of HPWMoV transmission (52%) than WSMV-avirulent mites.  
 When Skare et al. (2003) transferred WCM eggs from HPWMoV infected tissue 
to start an aviruliferous colony it did not result in virus transmission. This indicates that 
HPWMoV is not transovarially transmitted. Many of the transmission characteristics for 
HPWMoV are unknown. This is likely due to the difficulty in working with the mite and 
because the virus is not mechanically transmissible. This makes it difficult to conduct 
transmission studies on this virus. There is a need to investigate the acquisition and the 
retention of HPWMoV, as these are the first steps in characterizing the transmission of a 
virus.  
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Triticum Mosaic Virus Transmission  
 The transmission characteristics of TriMV are understudied as well. After its 
discovery, an initial transmission rate for TriMV was established at 2% but the WCM 
type used was unknown (Seifers et al. 2009). NE mites (Type 2) transmitted TriMV at a 
rate of 41% using single mite assays (McMechan et al. 2014). However, MT and SD 
WCM (Type 1) failed to transmit TriMV with single mites, possibly explaining the low 
transmission rate found in Seifers et al. (2009). Using a large population of mites, the NE 
population transmitted TriMV at a rate of 100%, while the MT and SD populations only 
transmitted at a much lower rate of 2.5% (McMechan et al. 2014). NE mites transferred 
during the molting process transmitted TriMV at a rate of 39-40%, which indicates that 
nymphs are able to acquire the virus and retain it through the molt. During this study, 
they also observed that TriMV has negative effects on WCM survival. This could have 
potential impacts on TriMV transmission and field epidemiology. By reducing WCM 
survival, TriMV may not be transmitted as efficiently in the field, possibly explaining the 
low occurrence of TriMV in the field (Byamukama et al. 2013) 
 Coinfection with WSMV and TriMV affects the transmission rates of both viruses 
by the WCM (Oliveira-Hofman et al. 2015). Wheat plants coinfected with WSMV and 
TriMV had reduced WSMV transmission rates from 50 to 35.6%, but increased TriMV 
transmission rates from 43.3 to 56.8%. This can also be linked to TriMV field 
epidemiology. As mentioned earlier, TriMV is most often found in wheat co-infected 
with WSMV in the field (Byamukama et al. 2013). This may partially be because it has 
an increased transmission rate during a co-infection with WSMV.  
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Mite Movement 
 WCM dispersal is primarily influenced by the wind (Sabelis and Bruin 1996). It is 
possible that mites may be transported by winged insects, but this is very likely only a 
minor means of dispersal (Gibson and Painter 1957). However, wind travel is random 
and hazardous with over 90% of the mites not reaching an acceptable host (Jeppson et al. 
1975). Nault and Styer (1969) showed that temperature and light affected dispersal of 
WCM under lab conditions. Even though the mite is passively dispersed by wind, the 
WCM actively initiate their dispersal (Nault and Styer 1969). Air movement stimulates 
mites to hold their bodies perpendicular to the leaf surface by adhering to the surface 
using their caudal sucker. This raises mites out of the laminar layer of the leaf and 
enhances their ability to launch into the wind currents (Sabelis and Bruin 1996). 
Recently, WCM have been shown to decrease their general activity in the presence of 
wind, but their movement-specific behavior where they raise their bodies vertically from 
the leaf was increased (Kiedrowicz et al. 2017). Mites can also crawl onto each other and 
form chains of several individuals (Nault and Styer 1969). These chains break apart from 
the mite mass and clusters of individuals are dispersed. Adults are the only ones that 
exhibit this dispersal behavior. However, when a plant is rapidly deteriorating immatures 
will also move to the outer surfaces of the host (Nault and Styer 1969). A migratory form 
of the WCM, which is different in color, hardier, and larger in size, has also been 
reported (Somsen 1966). This form moved more actively and it dispersed eggs more 
widely over the plant, however, this phenomenon has not been observed since. 
Kiedrowicz et al. (2017) had also proposed the possibility that only a small fraction of 
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individuals in a WCM population may exhibit the behavior to disperse, while the others 
(residents or non-dispersers) do not actively exhibit this behavior.  
 Significant mite movement occurs when the wheat plant approaches maturity 
(Nault and Styer 1969, McMechan and Hein 2017). Thomas and Hein (2003) indicated 
that the extent of mite movement was influenced by the size of the population and not the 
condition of the host plant. They reported that deteriorating plant condition limited the 
increase in the WCM population. Their field study showed that healthier hosts were able 
to support a larger population of mites, which allowed for more movement.  
Mite Occurrence on Corn 
 One of the most important secondary hosts for the wheat curl mite (WCM) 
(Aceria tosichella Keifer) is corn (Zea mays L) (Nault and Styer 1969). In an Ohio field 
study, Nault and Styer (1969) noted that mites were first found on corn in early July on 
the inner leaf ligules and sheaths. The populations increased through July and early 
August and mites could be found under the ear husks. By late-August and early-
September mite populations were estimated to be 900 to 1,000 mites per plant. Mite 
populations steadily declined and mites were last found in the silks and kernels in late-
September and through October. Nault et al. (1967) and Nault and Briones (1968) have 
also documented that mites can be found on leaves, stalks, husks, silks, and kernels of 
field-collected corn. 
 Sill and del Rosario (1959) stated that during annual surveys in Kansas, the WCM 
was rarely found on corn. Orlob (1966b) was unable to find WCM on corn during a 5-
year period in South Dakota. Corn seedlings in the greenhouse have been observed to 
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sustain many mites, but their presence often disappears as the corn starts to mature 
(Connin 1956, Sill and del Rosario 1959, Orlob 1966b).  However, corn is still 
considered a host because even though large populations do not seem to persist on corn, it 
can sustain the mites (Connin 1956, Harvey et al. 2001). del Rosario and Sill (1965) 
noted that once a mite was placed on corn and adapted to it, the progeny had a higher 
survival rate. It is important to note that many of these studies are outdated. Modern corn 
hybrids and inbreds have drastically changed from when these studies took place, and 
recent literature is limited on how well WCM populations persist on current corn lines.  
 Kernel red streak (KRS) of corn is also known to be correlated with WCM 
feeding on the kernels of corn. KRS causes streaks of red pigment throughout the 
pericarp of corn kernels (Nielsen 2012). Nault et al (1967) concluded that the WCM is 
the primary causal agent of KRS, and that the pigmentation of KRS was due to the 
secreted salivary phytotoxins from the mites. Severity of the KRS symptoms was directly 
correlated with the mite numbers found on the field collected corn. Slykhuis et al. (1968) 
confirmed this conclusion with a study done in Ontario where they manually infested ears 
of different hybrids with viruliferous and non-viruliferous mites. They found KRS 
symptoms on most ears infested with mites, but all controls not receiving mites were free 
of KRS symptoms. The percentage of kernels on an ear that had KRS also varied with the 
hybrid. Some hybrids had a high KRS incidence on the distal portion of the ear (70-80%), 
while others had a very low incidence (4-10%), indicating that KRS symptomology may 
differ among corn lines.   
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  WCM dispersal from winter wheat has also been correlated with the presence of 
KRS, but the streaking has also been found in high prevalence when there were no mites 
found on corn, suggesting that there may be other factors that contribute to the red 
streaking of corn (Liu et al. 2005). However, mites were only monitored via sticky traps 
in this study rather than actual observations on the corn. It’s possible that those ears could 
have had a high number of WCM, and the sticky traps may not have given a great 
representation of WCM populations in these fields. It has not been determined when corn 
is most susceptible to KRS development in relation to mite movement. The earlier WCM 
infest corn plants, the more severe KRS symptoms they may cause. Although purely 
cosmetic, KRS still causes problems with the food industry due to the discoloration of 
finished products (Nielsen 2012). This can deter some customers from buying the 
finished product, so the food companies will not purchase corn grain with high levels of 
KRS.  
Mite-Virus Complex and Corn 
 Wheat streak mosaic virus (WSMV), a virus transmitted by A. tosichella, is 
capable of being found in corn. However, three genes (wsm1, wsm2, wsm3) have been 
identified for resistance to WSMV in maize, resulting in current commercial corn lines 
being resistant (McMullen and Louie 1991, McMullen et al. 1994). It is possible that 
some corn lines may still be infected with virus, but may not show symptoms, suggesting 
that there could be more WSMV present in corn than what has been documented (Gates 
1970). Gates (1970) was able to recover WSMV from symptomless field-grown corn 
using WCM. Hill et al. (1974) indicated that WSMV is seed transmissible at a rate of 
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0.1% in inbred corn lines, potentially influencing the distribution of WSMV throughout 
multiple regions.  
 Before the development of resistant corn lines, the response of hybrid, inbred, 
sweetcorn, and popcorn lines to WSMV infection had a lot of variation (McKinney 1949, 
Sill and Connin 1953, Sill and Agusiobo 1955, Slykhuis 1955, Finley 1957, Williams et 
al. 1967, Tunac and Nagel 1969). However, many of these corn lines were tested via 
mechanical inoculations. Mite inoculations of WSMV to corn lines have been shown to 
be more effective than mechanical inoculations (Slykhuis 1955, Orlob 1966b), indicating 
that vector transmission is important when conducting viral host studies. When corn lines 
were highly susceptible to WSMV infection, severe stunting and chlorosis could be 
observed (McKinney 1949, Slykhuis 1955, Orlob 1966b). Finley (1957) observed a field 
of Golden Cross Bantam corn that was 75-80% infected showing severe symptoms. Other 
fields of different varieties contained infected plants, but virus presence was very low 
throughout the field.  
 Although commercial corn lines are resistant to WSMV, corn has the potential to 
serve as an important alternative host in certain regions because it can act as an 
oversummering reservoir for mites and virus. During a greenhouse study, del Rosario and 
Sill (1965) documented that viruliferous mites from wheat transmitted WSMV to corn 
and they were able to transmit WSMV from corn back to wheat. Gates (1970) also 
documented that WSMV can be transmitted by mites from ripening wheat and corn 
kernels. In 1984, Shahwan and Hill found a severely impacted wheat field planted 
adjacent to corn, suggesting the overlap of green, mature corn with fall planted wheat can 
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lead to significant yield impact. Corn and wheat can enhance the persistence of WSMV 
and WCM when grown in close proximity. The occurrence of viruliferous mites on 
vegetative corn and corn during the reproductive stages can overlap during the period 
between harvest and fall planting of winter wheat, which makes corn a potential 
oversummering host in areas where control of WSMV is needed. The occurrence of 
WSMV in wheat adjoining corn during the fall it was planted is a common occurrence 
(G. Hein personal observation) 
 High Plains wheat mosaic virus (HPWMoV) is another virus transmitted by the 
WCM that is able to infect corn. It was first discovered in 1993-1994 when severe virus-
like symptoms started to occur in a limited number of susceptible hybrids in Texas, 
Kansas, Colorado, Idaho, Nebraska, and Utah (Jensen et al. 1996). HPWMoV is 
occasionally referred to as Maize red stripe virus as well due to the red and yellow 
striping that occurs on corn when it is infected (Skare et al. 2006). Forster et al. (2001) 
showed HPWMoV is seed transmissible when 3 out of 38,473 sweet corn plants were 
tested positive by enzyme-linked immunosorbent assay (ELISA), possibly influencing the 
distribution of the disease among regions.  
 Currently, all commercial corn lines are resistant to HPWMoV because resistance 
was identified and was shown to be heritable (Marçon et al. 1997a, 1997b). The 
resistance alleles have been linked to chromosome 6, in the same region where WSMV 
and other disease resistance is found. When select corn lines were susceptible to 
HPWMoV, it was able to kill susceptible genotypes in as little as two weeks following 
infection (Marçon et al. 1997a). However, the severity of infection was dependent on the 
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time of infection and the environmental conditions. Inoculations for this study were done 
with a mixture of WSMV and HPWMoV, since both viruses are transmitted by the 
WCM. All corn genotypes tested in this study showed HPWMoV symptoms on the lower 
leaves, but the genotypes that showed resistance were free of symptoms in the upper 
leaves. Infection did not go systemic in most of the tested genotypes, suggesting that the 
infection was localized. 
 As previously mentioned, mites on corn can bridge the period between harvest 
and fall planting/emergence of winter wheat, often known as the “green bridge”. Fritts et 
al. (1999) conducted a study in the high plains of Texas to determine if the planting date 
of corn would affect the incidence of HPWMoV. They found that corn is most 
susceptible to HPWMoV infection when planted within 10-30 days after wheat heading 
due to the high mite dispersal during that time. If corn is planted 10-20 days before wheat 
heading it can escape severe HPWMoV damage. However, in one of their late plantings 
16% of the planted corn showed HPWMoV symptoms, which indicates that late-season 
mite activity can occur or it became infected from the earlier planting dates. Although 
studies suggest that HPWMoV incidence can be high in wheat when planted next to a 
corn field, transmission of HPWMoV directly from corn to wheat has not been 
documented in the literature. It would be highly beneficial to document HPWMoV being 
carried by WCM populations from corn to wheat to verify the risk of this occurring in the 
field.  
 Corn has also been tested as a host for Triticum mosaic virus (TriMV) (Seifers et 
al. 2010) and they found no TriMV infection of the maize hybrid lines used. However, 
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only mechanical inoculation techniques were used and it would be beneficial to confirm 
that TriMV is not able to persist through corn in a field environment.  
 Many of the studies that have investigated this virus complex on corn are over 30-
50 years old. With modern practices and technologies, the interactions between corn and 
the wheat-mite-virus complex have potentially changed, especially with the development 
of resistant commercial corn lines and the evolution of mite strains over time. With 
different environmental effects, the overlap of corn with wheat could also prove to be a 
risky situation for wheat producers. Although commercial corn lines are resistant to this 
complex, there is still the potential for mites to carry virus through corn. Therefore, there 
is a need to better understand the risk associated with growing corn next to winter wheat.  
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Introduction 
 The wheat curl mite (WCM), Aceria tosichella Keifer, is a destructive pest of 
winter wheat (Triticum aestivum L.) in the Great Plains region of North America due to 
its ability to transmit three viruses: Wheat streak mosaic virus (WSMV), High Plains 
wheat mosaic virus (HPWMoV), and Triticum mosaic virus (TriMV). The WCM is the 
only known vector of these plant viruses. Together with these three viruses, it makes up 
the wheat-mite-virus complex. In 2017, this complex was the second most important 
disease to Kansas producers where it caused an estimated $76.8 million loss to wheat 
producers (Hollandbeck et al. 2017). Complete yield loss in severely affected fields is a 
common occurrence for this mite-virus complex (McNeil et al. 1996).  
 The WCM is a member of the family Eriophyidae (Order: Trombidiformes). It is 
characterized as being white in color and has a cigar-shaped body (del Rosario and Sill 
1965). Adults range in length from 150-270 microns, making them difficult to see with 
the naked eye. The WCM lifecycle takes approximately 7-10 days to complete and 
consists of an egg, two nymphal stages, and the adult (Staples and Allington 1956). 
WCM reproduce by arrhenotokous parthenogenesis, where unfertilized females produce 
haploid males and fertilized females produce both haploid males and diploid females. 
(Helle and Wysoki 1983). Two genetically distinct types of WCM, designated Type 1 
and Type 2, have been identified in North America (Hein et al. 2012).  
 Due to its dependence on the vector for dissemination and survival, transmission 
is a crucial event in virus epidemiology. Understanding virus-vector relationships and 
their role in epidemiology will lead to more successful management programs. Multiple 
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transmission characteristics are used to classify virus-vector relationships. These 
characteristics include acquisition time, retention time, retention through vector molts, 
presence in the hemolymph, latency period, replication in the vector, and transovarial 
transmission (Nault 1997). These characteristics help distinguish four recognized 
mechanisms of plant virus transmission: nonpersistent, semipersistent, persistent 
circulative (nonpropagative), and persistent propagative (Nault 1997, Ng and Falk 2006, 
Hogenhout et al. 2008). Both nonpersistent and semipersistent virus transmission 
mechanisms can be described as noncirculative, because they do not circulate throughout 
the vector’s body. Instead, they are commonly retained on the stylet or the foregut via 
capsid or helper components. In contrast, persistent circulative and persistent propagative 
transmission mechanisms are described as circulative because the viruses are able to enter 
the hemolymph and other tissues from the gut. They eventually enter the salivary glands, 
allowing them to be introduced back into the plant.  
 Within the wheat-mite-virus complex, the relationship that occurs between 
WSMV and the WCM has been studied the most. WSMV can be acquired by the WCM 
within 15 minutes, but transmission efficiency is low (<1%) (Orlob 1966). At 16 hours, 
transmission efficiency drastically increased to 50%, indicating that transmission 
efficiency increases as acquisition time is increased. Adult WCM are not capable of 
acquiring and subsequently transmitting WSMV; therefore, they must acquire WSMV as 
nymphs (Slykhuis 1955, del Rosario and Sill 1965, Orlob 1966). Orlob (1966) was also 
able to demonstrate that WSMV can be retained within adult WCM for at least seven 
days at room temperature (23°C-28°C). WSMV is not transmitted transovarially, but it 
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can be retained through the molting process of the WCM (Orlob 1966, Siriwetwiwat 
2006). WSMV-like particles have been found to accumulate in the midgut and hindgut of 
viruliferous WCM (Paliwal and Slykhuis 1967, Takahashi and Orlob 1969). Additionally, 
Paliwal (1980) found WSMV particles in the salivary glands of the WCM. This suggests 
that WSMV transmission includes circulation throughout the bodily tissues of the mite 
and eventually ending up in the saliva from where it can be transmitted to plant hosts. 
However, this study could not be replicated. It is difficult to classify the WSMV and 
WCM relationship as either circulative or non-circulative as it shares characteristics of 
both. Its ability to be retained through the molt and for multiple days by adults 
demonstrates it is not stylet or foregut born, indicating a persistent relationship. However, 
its quick acquisition time is a characteristic of the noncirculative viruses. It may be 
difficult to classify this relationship because the four recognized plant virus transmission 
mechanisms have been described for hemipteran vectors and may not be completely 
applicable to eriophyid mite vectors.  
 Little is known about the transmission of TriMV. TriMV was discovered in 
Kansas in 2006 (Seifers et al. 2008) and has been detected throughout the Great Plains, 
including Colorado, Kansas, Nebraska, Oklahoma, South Dakota, Texas, Wyoming, 
North Dakota, and Montana (Burrows et al. 2009, Byamukama et al. 2013). TriMV 
belongs to the genus Poacevirus within the family Potyviridae. It consists of a single 
mRNA strand that is approximately 10,266 nucleotides long, with approximately 3,112 
amino acids (Fellers et al. 2009). A. tosichella is the only known vector of TriMV 
(Seifers et al. 2009). TriMV is most commonly found with WSMV in the field and has 
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been shown to have a synergistic interaction with WSMV, causing more severe symptom 
expression and yield loss than a single infection (Tatineni et al. 2010, Byamukama et al. 
2012, 2013).  
  Initially, a 2% transmission rate was established for TriMV, but the WCM type 
used for transmission was unknown (Seifers et al. 2009). Later it was shown that Type 2 
mites were much more efficient at transmitting TriMV than Type 1 mites (McMechan et 
al. 2014). TriMV was also shown to be retained through the molting process of the mite, 
similar to WSMV (McMechan et al. 2014). Determining the TriMV transmission 
characteristics is important in understanding how WSMV and TriMV may interact in the 
transmission process and ultimately how they affect the plant. Therefore, primary 
objective of this study was to characterize the acquisition and retention periods of TriMV 
by the WCM.  
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Materials and Methods 
 The mite colony used in this study was the ‘Nebraska’ colony, which is a Type 2 
WCM. This is the same colony used by McMechan et al. (2014) and was found to have 
the highest TriMV transmission efficiency, as opposed to the Type 1 mite. Nebraska 
colony mites used in this study were maintained on ‘Settler CL’ wheat that was planted in 
15-cm diameter pots (15 plants/pot). Plastic cylindrical cages were used to cage the plants 
to isolate the mites and provide a barrier to reduce mite movement. These cages had two 
8-cm holes cut on opposite sides of the cage, and approximately one-third of the way 
from the bottom of the cage. The top and side holes were covered with Nitex® screen (80-
micron mesh opening; BioQuip Products, Rancho Dominquez, CA). To maintain the 
colony, fifty mites were transferred to a new pot of wheat plants every three weeks. The 
colony was kept at 22-24°C with a 14:10 (Light:Dark) cycle.  
TriMV Acquisition Assay. TriMV source plants were established in the greenhouse by 
seeding two to three seeds of ‘Settler CL’ wheat seed into 4-cm diameter cone-tainersTM 
(Stuewe & Sons Inc., Tangent, Oregon, USA). Standard greenhouse soil was used and the 
wheat was seeded approximately at a one-and-a-half-inch depth. Cone-tainers were 
immediately covered with plastic cylindrical cages (5-cm in diameter and 50-cm in 
height) at the time of planting. The cages had two to three vents that were covered with 
Nitex® screen and the tops were covered with a plastic cap.  
 Ten days after seeding (two leaf stage) the source plants were inoculated with 
TriMV. TriMV inoculum was prepared by grinding TriMV positive wheat tissue (based 
on ELISA) in sterilized distilled water (1:20 wt/vol ratio) using a mortar and pestle. 
Source plants were lightly dusted with carborundum to induce scarring of the plants 
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during the inoculation process. The plants were gently held in one hand, while the other 
hand dipped the pestle into the TriMV inoculum and applied the inoculum with moderate 
pressure to the wheat. Controls were established by using the same procedure with only 
sterilized distilled water. Source plants were kept in the greenhouse after inoculations to 
allow for virus development.   
 Three weeks after inoculations, source plants were inspected for virus symptoms 
and thinned to only one virus infected plant per cone-tainer. Thirty to forty WCM second 
nymphs were then transferred to each TriMV source plant and held on the plants for the 
following acquisition times: 1, 4, 8, 16, 24, and 48 hours. A single source plant that was 
inoculated with only distilled water was used as the control and was tested for an 
acquisition time of 48 hours. A separate source plant was used for each acquisition time 
treatment because removing WCM from the source plants at the various acquisition 
timings required the harvesting and destructive inspection of the source plant to locate 
WCM. Transfers to the source plants were done by placing WCM-infested tissue under a 
stereomicroscope and removing the nymphs with a transfer tool made with a human 
eyelash attached to a wooden dowel. Using an adjacent microscope, the nymphs were 
then placed into the whorl of the youngest leaf of a TriMV source plant that was tilted at 
a 30° angle. After approximately 30-40 nymphs were transferred to the source plant, the 
plant was carefully caged, brought to an upright position, and the cage secured with tape. 
After being infested, source plants were randomly assigned an acquisition time treatment. 
Due to time constraints for the short acquisition periods, the 1 and 4-hour time treatments 
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were randomly assigned to the source plants as a group and the 8, 16, 24, and 48-hour 
time treatments were randomly assigned to the source plants as a group. 
 After the allowed acquisition time, a single mite was transferred from each source 
plant to each of 15 two-week-old test plants (three-leaf stage). Test plants were prepared 
by planting them one week after the inoculation of the source plants with three ‘Settler 
CL’ seeds per cone. They were immediately caged after planting and thinned to one test 
plant per cone before the transfer process. Transfers were done by using the same setup 
for the infestation of the source plants. After an individual mite was transferred to the test 
plant, the cone was caged and sealed at the base with masking tape. The test plants were 
left undisturbed for a minimum of 10 hours to allow the mites to settle. After all transfers 
were complete, test plants were randomly arranged in a tray and placed in a growth 
chamber at 27°C. The source plants were individually placed into zip-lock bags and 
stored at -20°C until they could be assayed for virus via double-antibody sandwich 
enzyme-linked immunosorbent assay (DAS-ELISA).  
 Test plants were kept in the chamber for three to four weeks to allow for 
population buildup and virus transmission and development. Test plants were then cut at 
soil level, inspected under a stereo microscope, and scored for mite presence (0 = no 
mites, 1 = 1 to 10 mites, 2 = 10 to 100 mites, 3 = >100 mites). Test plants were 
individually placed into zip-lock bags and stored at -20°C for later virus assay via DAS-
ELISA.  
 Because of the time required for mite infestation and mite retrieval for the short 
acquisition periods, only a single replicate could be done at a time, but the experiment 
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was conducted a total of seven times. For the first three replications of the experiment, 
only the 1, 4, and 24-hour treatments were tested as these were preliminary replications to 
determine the range of acquisition times that should be tested. Adult WCM were also 
tested for virus acquisition at 24 hours in the first three replicates to determine if WCM 
adults are capable of acquiring and subsequently transmitting TriMV. This was done 
using the same process that was used for the second nymphs.  
TriMV Retention Assay. TriMV source plants and the control were established by using 
the same process that was used in the TriMV acquisition study. Control source plants 
were inoculated with sterilized distilled water only. Five to seven days after the plants 
were inoculated with TriMV, each plant within the cone was infested with 10-20 
aviruliferous mites (3 plants/cone: 30-60 mites/cone). Mites were transferred to the 
source plant by placing a leaf piece (ca. 1.27 cm long) containing 10-20 mites in the axil 
of the newly emerging leaf for each plant. Source plants were caged and placed in a 
growth chamber at 27°C for three to four weeks to allow TriMV viruliferous WCM 
populations to establish. 
 After three to four weeks, approximately forty adult mites were taken from the 
source plants and placed on an intermediate host, where they were held for the target 
retention period. The intermediate host had to support WCM, but also had to be a non-
host for TriMV to prevent the selected WCM from reacquiring TriMV and accurately 
characterize the retention time. Sorghum bicolor (L.) Moench (Sorghum) was initially 
used as the intermediate host because it has been reported to be a host for the mites 
(Gibson 1957, Harvey and Seifers 1991), but not a host for TriMV (Seifers et al. 2010). 
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However, in a preliminary trial, mite recovery from sorghum was very poor so it was no 
longer used. Echinochloa crus-galli (L.) P. Beauv. (Barnyard grass) (BYG) was then 
used as the intermediate host due to it being a good host for the mite and allowing for 
sufficient mite recovery (Somsen and Sill 1970), and not a host for TriMV (Seifers et al. 
2010). BYG has been confirmed as a good host for WCM (McMechan 2016) and was 
verified to be a non-host for TriMV. Due to poor germination, BYG seeds were pre-
germinated by wrapping seeds in a moist paper towel and placing it in a plastic container. 
They were kept in the container for 2-3 days and single sprouting seeds were transplanted 
to cone-tainers. Two-week-old BYG plants were used to hold the adult mites for the 
specified retention period.  
 Mites were transferred by using the transfer setup described in the acquisition 
experiment. The retention periods tested were 1, 2, 4, 6, 8, and 12 days as well as the 
control, which was tested at a retention period of 4 days. For each experimental 
replication, only a single TriMV source plant was used so that all mites were potentially 
exposed to the same conditions (e.g. virus titer). A single BYG plant was used for each 
retention period, as each BYG plant would need to be harvested after the designated 
retention period to locate and transfer the mites. After transfers to BYG, each BYG cone 
was randomly assigned a retention time. BYG cones were carefully placed in a growth 
chamber at 27°C and held for their respective retention times. Source plants were put in 
zip-lock bags and stored at -20°C for later virus assay via DAS-ELISA.  
 After each specified retention time, single adults were then transferred from the 
BYG plants to 15-20 two-week old wheat test plants in cone-tainers (1 plant/cone). After 
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individual mite transfers, the cone was caged and sealed with masking tape. Test plants 
were left undisturbed for a minimum of 10 hours after transfers to allow mite 
establishment. They were then assigned random positions within the holding trays and 
placed in a growth chamber at 27°C for 3-4 weeks to allow for mite and virus 
development.  
 Test plants were then harvested and scored for mite presence using the same 
process as previously described in the acquisition study. Test plants were placed in zip-
lock bags and stored at -20°C for later virus assay. This experiment was conducted a total 
of five times. The 12-day treatment was removed after the first replication because it was 
difficult to recover the initially selected adults from the BYG plants due to WCM 
generations starting to overlap.   
 All virus assays were done with DAS-ELISA, by using the procedure outlined by 
McMechan et al. (2014). Each assay consisted of duplicate samples that were tested for 
TriMV. Tissue that was infected with TriMV was used as a positive control and healthy 
wheat was used as a negative control. A Multiscan FC Spectrometer (Thermo Scientific 
Inc. Dubuque, IA) was used to measure the absorbance at 405 nm. A sample was 
considered positive if the absorbance value was more than 2X the negative control 
absorbance value for that plate.  
 Both studies were analyzed as a randomized complete block design with an 
analysis of variance with a binomial distribution (PROC GLIMMIX in SAS 9.4). 
Multiple comparisons were made with a Tukey adjustment to determine any significant 
differences in transmission between the treatments. Mite presence data was analyzed with 
51 
 
PROC GLIMMIX with a multinomial distribution using odds ratio estimate statements. 
This presence-absence analysis was set up to compare all test plants with a rating of 0 (no 
mites) to those with 1, 2, and 3 ratings (mites present) to determine if there were any 
significant differences in mite establishment among the treatments. If a treatment 
comparison is significantly different, the odds ratio estimate is significantly different 
from 1. 
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Results 
TriMV Acquisition. All control inoculated source plants and test plants used in this 
study tested negative for TriMV via ELISA. This confirms that the mite colony used for 
this study was avirulent, and there was no contamination among the source plants or the 
test plants. All TriMV source plants used for this study tested positive for TriMV via 
ELISA, indicating that all mites used in this study were exposed to TriMV infected 
tissue. Also, no WCM adults that fed on TriMV virus infected tissue for 24 hours were 
able to transmit TriMV (0/45).   
 There were significant differences in TriMV transmission between the acquisition 
treatments (F5,21=7.86, P=0.0003) (Fig. 2.1). At 1 hour of acquisition time, WCM 
transmission of TriMV was at 2.9%, and transmission significantly increased after 16 
hours of acquisition (t-value=-3.39, p=0.0290). TriMV transmission peaked at 32.4% and 
31.7% after 24 and 48 hours of acquisition time, respectively.  
 Significant differences in mite presence were detected among acquisition 
treatments (F6,540=4.34, P=0.0003) (Table 2.1). The odds ratio estimate indicates that the 
treatment in the left column is X times more likely to be uninfested (i.e. less mite survival 
on test plants) than the treatment across the top row. For example, the 1-hour treatment 
was 2.36 times more likely to be uninfested than the control treatment. The 48-hour and 
the control treatments had the highest mite survival at 77% and 78% (47/60), 
respectively. All other treatments had significantly lower mite survival than the control.  
TriMV Retention. All control inoculated source plants tested negative via ELISA, 
indicating the mite colony used for this experiment was avirulent. All but one control test 
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plant used in this study tested negative for TriMV via ELISA (1/60). This single positive 
occurred during the second replication. All TriMV source plants used for this study tested 
positive for TriMV via ELISA, indicating that mite populations were well exposed to 
TriMV-infected tissue. The total number of tested plants differed across treatments due to 
difficulties in recovering all 15-20 WCM adults from BYG for each treatment within an 
experimental replication (Fig. 2.2).  
 No TriMV positives were found for the 12-day treatment (0/19), thus, these data 
were not included in the analysis because this treatment was only included in the first 
replication. Significant differences were seen among the other retention time treatments 
(F5,18=5.78, P=0.00024) (Fig. 2.2). The beginning transmission rate of TriMV at day 0 
was 40%, and TriMV transmission rates significantly dropped to 1.9% at 6 days.  
 There were no significant differences for mite presence among the retention 
treatments (F6,325=1.56, P=0.1579). However, when inspecting paired treatment 
comparisons, several significant differences occurred between a TriMV retention 
treatment and the control (Table 2.2). Survival of mites in the control (54/60, 90%) was 
generally greater than most TriMV retention treatments (5 of 6 comparisons when 
retention time > 0), ranging from 1.9 to 3.7 times greater survival. Therefore, the average 
of all treatments was compared to the control to determine if there were differences in 
mite establishment. This analysis indicated significantly lower WCM survival for the 
TriMV retention treatments (WCM exposed to TriMV) than for the control (WCM not 
exposed to TriMV) (t-value=2.65, P=0.0084). The odds ratio estimate was 2.72, meaning 
54 
 
that a TriMV retention treatment is 2.72 times more likely to have no mite survival than 
the control treatment.  
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Discussion 
 This study characterized the acquisition and retention periods of TriMV by the 
wheat curl mite. No transmission was seen after avirulent adult WCM were allowed a 24-
hour acquisition access period, indicating that adult WCM are not capable of acquiring 
and subsequently transmitting TriMV. This compares to a TriMV transmission rate of 
32.4% for the nymphal acquisition period of 24 hours. WCM must acquire TriMV as an 
immature in order to transmit TriMV, which has also been documented with WSMV 
(Slykhuis 1955, del Rosario and Sill 1965, Orlob 1966). WCM nymphs were capable of 
acquiring and transmitting TriMV at a low level (2.9%) after only one hour of being 
exposed to TriMV infected plants and transmission peaked by 24 hours of acquisition 
time. Transmission efficiency of TriMV increased with increasing acquisition time, 
which has also been documented for WSMV where transmission peaks at 45% after 16 
hours of acquisition time (Orlob 1966).   
 The peak transmission rate for this acquisition study (32.4%) was comparable to 
that recorded for the ‘Nebraska’ mite (Type 2) by McMechan (2014) at 41%. A small 
reduction in transmission could possibly be explained by the timing of TriMV exposure 
to WCM. In this study, second stage nymphs were exposed to TriMV, whereas 
McMechan et al. (2014) used virulent mites that had potentially fed on TriMV infected 
material since hatching from the egg. Being exposed to virus as a new immature could 
potentially result to better acquisition of the virus.  
 For the retention study, the transmission rate of 40% at day 0 is comparable to the 
41% transmission rate documented by McMechan et al. (2014). The transmission 
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efficiency remained high for the first day and declined to low levels on days 6 and 8. 
WSMV has also been shown to be retained up to seven days at room temperature 
(Slykhuis 1955, del Rosario and Sill 1965, Orlob 1966). Both viruses are capable of 
being retained for multiple days by the WCM without any significant drop off in 
transmission. Thus, retention time does not seem likely to be a major factor in the lower 
presence of TriMV that is often seen in the field (Byamukama et al. 2013). 
 One control plant in the second replicate tested positive, indicating a low level of 
contamination. This was the only replicate where open cones with wheat plants were 
placed among the caged treatment cones to monitor for mite movement within the 
chamber. Also, during this time TriMV-virulent WCM colonies were also held within the 
chamber. When the plants in the open cones were removed from the chamber and 
inspected, many of them had significant mite colonies on them indicating movement 
within the chamber. This movement most likely originated from the virulent WCM 
colonies held on the other side of the chamber because the mite numbers were much 
greater in these cones. Because the plants in these open cones were in contact with the 
treatment cages, it is likely that these mites moved from these plants and infested one of 
the controls. Thus, there was potential for contamination in this run; however, 
contamination was very low and transmission data remained consistent with the other 
replicates.  
 In both studies, a reduction in survival was seen for WCM exposed to TriMV 
versus WCM that were not exposed to virus (Tables 2.1 & 2.2). McMechan et al. (2014) 
and Oliveira-Hofman et al. (2015) also saw a reduction in survival for WCM exposed to 
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TriMV. These studies support the conclusion that TriMV has a negative impact on WCM 
establishment and survival. In the acquisition study, the 48-hour treatment had 
significantly better survivability than the other treatments. After 48 hours, all of the 
second nymphs initially transferred to the source plant would have molted into adults. 
Adults are much easier to handle and are hardier than second nymphs. For the shorter 
period treatments, it is likely that the transfer of the more fragile nymphs resulted in 
greater mortality, and the 48-hour treatment transfers would have been exclusively adults. 
This explanation is also supported by the fact that there was no difference in mite 
presence/survivability between the 48-hour treatment and the control. Therefore, this 
survival reduction is possibly due to the WCM stage that was transferred to the source 
plant.  
 Similar to WSMV, classification of TriMV into one of the four recognized plant 
virus transmission mechanisms is not complete. TriMV can be retained through the molt 
(McMechan et al. 2014) and is retained for multiple days, which indicates it is a 
persistent virus that does not involve stylet or foregut bindings. However, like WSMV it 
can be acquired within an hour, which is more characteristic of a nonpersistent or 
semipersistent virus. Future studies are needed to determine if WSMV and TriMV are 
capable of circulative transmission. The combination of these characteristics also raises 
the question as to the applicability of the current transmission categories to mite 
transmitted viruses.  
 This study is the first to document acquisition and retention characteristics of 
TriMV by the WCM, enhancing our understanding of the WCM-TriMV relationship. It 
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also documents that WCM adults are incapable of acquiring and subsequently 
transmitting TriMV, as has been shown for WSMV. Characterizing transmission for 
viruses in the wheat-mite-virus complex is critical to better understand eriophyid vector 
transmission mechanisms and their influence on the epidemiology of viruses in this 
complex as a whole.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
59 
 
Literature Cited 
 
Burrows, M., G. Franc, C. Rush, T. Blunt, D. Ito, K. Kinzer, J. Olson, J. O’Mara, J. 
 Price, C. Tande, A. Ziems, and J. Stack. 2009. Occurrence of Viruses in Wheat 
 in the Great Plains Region, 2008. Online. Plant Health Progress doi:10.1094/PHP-
 2009-0706-01-RS. 
 
Byamukama, E., S. Tatineni, G. L. Hein, R. A. Graybosch, P. S. Baenziger, R. 
 French, and S. N. Wegulo. 2012. Effects of Single and Double Infections of 
 Winter Wheat by Triticum mosaic virus and Wheat streak mosaic virus on Yield 
 Determinants. Plant Dis. 96: 859–864. 
 
Byamukama, E., D. L. Seifers, G. L. Hein, E. De Wolf, N. A. Tisserat, M. a. C. 
 Langham, L. E. Osborne, A. Timmerman, and S. N. Wegulo. 2013. 
 Occurrence and Distribution of Triticum mosaic virus in the Central Great Plains. 
 Plant Dis. 97: 21–29. 
 
Fellers, J. P., D. Seifers, M. Ryba-White, and T. J. Martin. 2009. The complete 
 genome sequence of Triticum mosaic virus, a new wheat-infecting virus of the 
 High Plains. Arch. Virol. 154: 1511–1515. 
 
Gibson, W. W. 1957. Observations on the wheat curl mite, Aceria tulipae (K.),(Acarina, 
 Eriophyidae) on wheat and sorghum sprouted under ripening wheat. J. Kans. 
 Entomol. Soc. 25–28. 
 
Harvey, T. L., and D. L. Seifers. 1991. Transmission of wheat streak mosaic virus to 
 sorghum by the wheat curl mite (Acari: Eriophyidae). J. Kans. Entomol. Soc. 18–
 22. 
 
Hein, G. L., R. French, B. Siriwetwiwat, and J. W. Amrine. 2012. Genetic 
 characterization of North American populations of the wheat curl mite and dry 
 bulb mite. J. Econ. Entomol. 105: 1801–1808. 
 
Helle, W., and M. Wysoki. 1983. The chromosomes and sex-determination of some 
 actinotrichid taxa (Acari), with special reference to Eriophyidae. Int. J. Acarol. 9: 
 67–71. 
 
Hogenhout, S. A., E.-D. Ammar, A. E. Whitfield, and M. G. Redinbaugh. 2008.  
 Insect Vector Interactions with Persistently Transmitted Viruses. Annu. Rev. 
 Phytopathol. 46: 327–359. 
 
Hollandbeck, G., E. DeWolf, and T. Todd. 2017. Preliminary 2017 Kansas wheat 
 disease loss estimates. Kans. Coop. Plant Dis. Rep. 
 
60 
 
McMechan, A. J., S. Tatineni, R. French, and G. L. Hein. 2014. Differential 
 Transmission of Triticum mosaic virus by Wheat Curl Mite Populations Collected 
 in the Great Plains. Plant Dis. 98: 806–810. 
 
McMechan, A. J. 2016. Over-summering ecology of the wheat curl mite (Aceria 
 tosichella Keifer). Ph.D. Dissertation, University of Nebraska, Lincoln 
 
McNeil, J. E., R. French, G. L. Hein, P. S. Baenziger, and K. M. Eskridge. 1996. 
 Characterization of genetic variability among natural populations of wheat streak 
 mosaic virus. Phytopathology. 86: 1222–1227. 
 
Nault, L. R. 1997. Arthropod transmission of plant viruses: a new synthesis. Ann. 
 Entomol. Soc. Am. 90: 521–541. 
 
Ng, J. C., and B. W. Falk. 2006. Virus-vector interactions mediating nonpersistent and 
 semipersistent transmission of plant viruses. Annu Rev Phytopathol. 44: 183–212. 
 
Oliveira-Hofman, C., S. N. Wegulo, S. Tatineni, and G. Hein. 2015. Impact of Wheat 
 streak mosaic virus and Triticum mosaic virus co-infection of wheat on 
 transmission rates by wheat curl mites. Plant Dis. 
 
Orlob, G. B. 1966. Feeding and Transmission Characteristics of Aceria tulipae Keifer as 
 Vector of Wheat Streak Mosaic Virus. J. Phytopathol. 55: 218–238. 
 
Paliwal, Y. C., and J. T. Slykhuis. 1967. Localization of wheat streak mosaic virus in 
 the alimentary canal of its vector Aceria tulipae Keifer. Virology. 32: 344–353. 
 
Paliwal, Y. C. 1980. Relationship of wheat streak mosaic and barley stripe mosaic 
 viruses to vector and nonvector eriophyid mites. Arch. Virol. 63: 123–132. 
 
del Rosario, M. S., and W. H. Sill. 1965. Physiological strains of Aceria tulipae and 
 their relationships to transmission of wheat streak mosaic virus. Phytopathology. 
 55: 1168. 
 
Seifers, D. L., T. J. Martin, T. L. Harvey, J. P. Fellers, J. P. Stack, M. Ryba-White, 
 S. Haber, O. Krokhin, V. Spicer, N. Lovat, and others. 2008. Triticum mosaic 
 virus: A new virus isolated from wheat in Kansas. Plant Dis. 92: 808–817. 
 
Seifers, D. L., T. J. Martin, T. L. Harvey, J. P. Fellers, and J. P. Michaud. 2009. 
 Identification of the wheat curl mite as the vector of Triticum mosaic virus. Plant 
 Dis. 93: 25–29. 
 
Seifers, D. L., T. J. Martin, and J. P. Fellers. 2010. An experimental host range for 
 Triticum mosaic virus. Plant Dis. 94: 1125–1131. 
61 
 
Siriwetwiwat, B. 2006. Interactions between the wheat curl mite, Aceria tosichella 
 Keifer (Eriophyidae), and wheat streak mosaic virus and distribution of wheat curl 
 mite biotypes in the field. ETD Collect. Univ. Neb. - Linc. 1–172. 
 
Slykhuis, J. T. 1955. Aceria tulipae Keifer (Acarina: Eriophyidae) in Relation to the 
 Spread of Wheat Streak Mosaic. Phytopathology. 45: 116–128 pp. 
 
Somsen, H. W., and W. H. Sill. 1970. The wheat curl mite, Aceria tulipae Keifer, in 
 relation to epidemiology and control of wheat streak mosaic. Agricultural 
 Experiment Station. 
 
Staples, R., and W. B. Allington. 1956. Streak mosaic of wheat in Nebraska and its 
 control. Res Bull 178 Neb. Agric Exp Stn. 40 pp. 
 
Takahashi, Y., and G. B. Orlob. 1969. Distribution of wheat streak mosaic virus-like 
 particles in Aceria tulipae. Virology. 38: 230–240. 
 
Tatineni, S., R. A. Graybosch, G. L. Hein, S. N. Wegulo, and R. French. 2010. Wheat 
 cultivar-specific disease synergism and alteration of virus accumulation during 
 co-infection with Wheat streak mosaic virus and Triticum mosaic virus. 
 Phytopathology. 100: 230–238. 
 
 
 
 
 
 
 
 
  
62 
 
Tables and Charts 
Table 2.1. Percent survival1 of WCM on test plants for the TriMV acquisition 
treatments, and odds ratio estimates for treatment comparisons2. 
  Odds Ratio 
Treatment 
(Hr) 
Percent 
Survival 
4 8 16 24 48 C 
1 61% 1.10 1.12 0.66 0.69 1.97* 2.36** 
4 62% - 1.02 0.60 0.62 1.77 2.14* 
8 65% 
 
- 0.59 0.61 1.76 2.11* 
16 57% 
  
- 1.04 2.98** 3.57** 
24 55% 
   
- 2.88** 1.85** 
48 77% 
    
- 1.20 
C 82%      - 
1 % survival = # WCM infested plants/total plants. 
2 Estimate statements used to determine differences in WCM survival between 
acquisition treatments (*p<0.05, **p<0.01). 
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Table 2.2. Percent survival1 of WCM on test plants for the TriMV retention 
treatments, and odds ratio estimates for treatment comparisons2. 
  Odds Ratio 
Treatment 
(Days) 
Percent 
Survival 
1 2 4 6 8 C 
0 81% 0.67 0.52 0.66 0.86 0.62 1.9 
1 70% - 0.77 0.98 1.28 0.93 2.85* 
2 64% 
 
- 1.27 1.66 1.20 3.69** 
4 73% 
  
- 1.31 0.95 2.91* 
6 85% 
   
- 0.72 2.23 
8 72% 
    
- 3.07* 
C 90%      - 
   1 % survival = # WCM infested plants/total plants. 
 2 Estimate statements used to determine differences in WCM survival between retention 
treatments (*p<0.05, **p<0.01). 
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Figure 2.1. Transmission of TriMV by WCM after allowed acquisition time1 using 
single mite transfers2.  
 
  1 Error bars represent standard error. 
  2 Bars with different letters indicate significant differences between treatments                                        
according to Tukey’s test for multiple comparisons (p<0.05). 
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Figure 2.2. Transmission of TriMV by WCM after allowed retention time1 using 
single mite transfers2,3.  
 
 1 Error bars represent standard error. 
 2 Bars with different letters indicate significant differences between treatments                                       
according to Tukey’s test for multiple comparisons (p<0.05). 
  3 12-day treatment not included in analysis. 
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CHAPTER 3 
FIELD CORN AS A GREEN BRIDGE HOST FOR THE WHEAT CURL MITE 
 AND ITS ASSOCIATED VIRUSES 
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Introduction 
 
 The wheat-mite-virus complex is a leading cause of winter wheat (Triticum 
aestivum L.) yield loss in Kansas, averaging an estimated loss of 1.9 percent over the last 
five years and 5.6 percent in 2017 (Hollandbeck et al. 2017). This complex consists of the 
wheat curl mite (WCM), Aceria tosichella Keifer, and three viruses the mite transmits to 
winter wheat: Wheat streak mosaic virus (WSMV), High Plains wheat mosaic virus 
(HPWMoV), and Triticum mosaic virus (TriMV).  WSMV is the most understood virus 
in the wheat-mite-virus complex, as it is the most prominent of the three viruses, and it 
was discovered in 1922 (Staples and Allington 1956, Byamukama et al. 2015). 
HPWMoV was first reported in 1993-1994 infecting both corn and wheat (Jensen et al. 
1996), and TriMV was only just discovered in 2006 infecting wheat in Kansas (Seifers et 
al. 2008).  
 Multiple practices can be employed to manage this complex including cultural 
practices to manage WCM populations, avoiding early planting dates, and the use of 
virus resistant and tolerant wheat varieties, such as ‘Mace’ (Wegulo et al. 2008, 
Graybosch et al. 2009).  However, the most effective control strategy is to manage or 
eliminate the “green bridge” host, or hosts that the WCM and viruses use to persist 
throughout the summer between wheat growing seasons (Somsen and Sill 1970, Wegulo 
et al. 2008). The most important of these green bridge hosts is volunteer wheat, and 
managing volunteer wheat is the primary method to control this complex. However, there 
are other plants that can serve as a green bridge host, such as oats (Avena sativa L.), rye 
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(Secale cereale L.), barley (Hordeum vulgare L.), foxtail millet (Setaria italica (L.) P. 
Beauv.), and corn (Zea mays L.) (Wegulo et al. 2008, Navia et al. 2013).  
 Information about the wheat-mite-virus complex is lacking and outdated for many 
of these alternative hosts, including corn, a major summer crop in the Great Plains region 
of North America. Corn can be considered one of the most important secondary hosts for 
the WCM (Nault and Styer 1969). WCM have been found on leaves, sheaths, ligules, 
stalks, husks, silks, kernels both from field collected corn and in greenhouse studies 
(Nault et al. 1967, Nault and Briones 1968, Nault and Styer 1969). Nault and Styer 
(1969) indicated WCM readily colonized the husks, but were rarely found on the leaves 
above the ear and were never found in the leaf whorl or tassel of the plant.  
 There have also been instances where mites were rarely found on corn. Sill and 
del Rosario (1959) rarely found WCM on corn during annual surveys. Orlob (1966) was 
unable to find WCM on corn during a 5-year period in South Dakota.  Due to A. 
tosichella being so small (170-250 microns), it is a challenge to locate WCM on a corn 
plant, which may be the reason why no WCM were found on corn in these studies (Sill 
and del Rosario 1959). It is very possible that WCM could have been present in low 
numbers, making it easy to conclude that the corn was not infested. They also failed to 
mention if there were any neighboring wheat fields within the area. Without wheat in the 
surrounding area, the likelihood of finding WCM significantly drops.  
 Kernel red streak (KRS) of corn is also known to result from WCM feeding on 
corn kernels. KRS causes streaks of red pigment on the pericarp of corn kernels (Slykhuis 
et al. 1968, Nielsen 2012). Although purely cosmetic, severe KRS symptoms can cause a 
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discoloration of finished food products, which can deter customers from buying the 
product (Nielsen 2012).  The streaking is a reaction to the secreted salivary phytotoxins 
from the mites (Nault et al. 1967). Nault et al. (1967) also directly correlated the KRS 
severity with mite populations found on the corn kernels. WCM dispersal from winter 
wheat has also been correlated with KRS symptoms, but severe KRS symptoms have also 
been documented where no mites have been found near corn, suggesting that other 
factors may influence KRS symptoms (Liu et al. 2005). However, they only monitored 
for WCM via traps, rather than directly examining the corn ear for WCM. It is unknown 
when corn is most susceptible to KRS development in relation to mite presence. Earlier 
WCM infestations may allow the mite to feed earlier at an earlier growth stage or longer 
on the developing kernels, increasing the severity of KRS symptoms.  
 Within the wheat-mite-virus complex, only WSMV and HPWMoV have been 
documented to infect corn (Sill and Connin 1953, Slykhuis 1955, Orlob 1966, Jensen et 
al. 1996, Marçon et al. 1997a). Corn is not considered to be a host for TriMV (Seifers et 
al. 2010), but this has only been studied by mechanical inoculations. It would be 
beneficial to determine if mites can carry TriMV through corn. Current corn hybrids are 
resistant to WSMV and HPWMoV (McMullen and Louie 1991, McMullen et al. 1994, 
Marçon et al. 1997a, 1997b). Although current commercial corn hybrids are resistant, it is 
possible that corn could still carry virus, but show no symptoms (Gates 1970). Gates 
(1970) was able to recover WSMV from symptomless field-grown corn using WCM, 
indicating that mites are able to carry WSMV from corn.   
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 For corn to act as a suitable green bridge host, it must sustain the mites and the 
virus long enough for viruliferous mites to move from maturing corn to fall planted 
winter wheat. WCM have been documented to transmit WSMV from wheat to corn and 
back to wheat in a greenhouse study (del Rosario and Sill 1965). WCM are also capable 
of transmitting WSMV from ripening wheat and corn kernels (Gates 1970). In 1984, 
Shahwan and Hill found a severely impacted wheat field that was planted adjacent to 
corn, suggesting that the overlapping of green, mature corn with fall planted wheat can 
lead to significant yield impact. The occurrence of WSMV in wheat that had adjoining 
corn during the fall it was planted is a common occurrence in the western Great Plains 
(personal observation G. Hein). 
 The overlap of corn and wheat is also thought to influence HPWMoV incidence, 
but information is greatly lacking in this area. Fritts et al. (1999) conducted a study in the 
high plains of Texas to determine if the planting date of corn would affect the incidence 
of HPWMoV in corn. It was found that corn is most susceptible to HPWMoV infection 
when planted within 10-30 days after wheat heading due to the high mite dispersal at that 
time. Planting before wheat heading escaped severe HPWMoV symptoms. This study 
suggests that WCM are capable of carrying HPWMoV from maturing wheat to early 
stage corn. However, transmission of HPWMoV directly from corn to wheat has not been 
documented. HPWMoV has been seen in high incidence in wheat that was planted 
adjacent to maturing corn, which suggests that HPWMoV can be carried from maturing 
corn to wheat. It would be beneficial to document WCM populations carrying HPWMoV 
from corn to wheat in a field environment.  
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 Many of these studies involving the WCM-virus complex on corn occurred 
decades ago or were conducted under greenhouse conditions. Modern corn hybrids are 
also significantly different than when the majority of these studies were conducted. 
Planting and harvesting dates of corn and wheat are being affected by the changing 
climate as well, potentially increasing the overlap of maturing corn and fall planted 
wheat. Therefore, there is a great need to better understand the potential of corn as a 
green bridge host for both the WCM and its associated viruses in a field situation. The 
objective of this research was to evaluate the ecology of WCM on reproductive stage 
corn in the field and determine the ability of the mite to carry its associated viruses 
through corn and back to wheat.  
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Materials and Methods 
 This research was conducted at the Eastern Nebraska Research and Extension 
Center near Mead, NE. Plots were set up in existing non-irrigated corn fields. Within 
years, corn fields were of different hybrids, but were close in relative maturity (111-115 
RM). In 2016, three fields were used with corn lines P1498AM, P1197AM, and DK65-
81, referred to as F1-16, F2-16, and F3-16, respectively. In 2017, four fields were used 
with corn lines DK62-98, P1151AM, P1197AM, and P1498AM, referred to as F1-17, F2-
17, F3-17, and F4-17, respectively.  
 Within fields, individual corn plants were infested with WCM populations that 
were exposed to different virus treatments. The experimental design for 2016 was a 
randomized complete block design with eight blocks per field. Eight treatments consisted 
of mite populations with different virus combinations: WSMV, TriMV, HPWMoV, 
WSMV&TriMV, WSMV&HPWMoV, avirulent, and two non-infested controls.  
 In 2017, the main plot treatments were arranged in a completely randomized 
design with eight replications per field. These main plot treatments were two different 
mite infestation times: 1) infestation at corn stage V15-18 and 2) infestation at silking or 
early R1. Ten split plot treatments within each main plot consisted of different 
combinations of mite populations and viruses: WSMV (five replicate plots), 
WSMV&TriMV, HPWMoV, avirulent, and two non-infested controls. The two control 
treatments and five WSMV treatments were included to allow for destructive sampling. 
The ten treatments were divided and used for seasonal population sampling, virus 
sampling, or ear density measurement.  
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 Plots were set up when the corn reached approximately the V8-V12 stage 
(Abendroth et al. 2011). Within each cornfield four blocks were marked in a corn row 
and four blocks were marked in a parallel row with four rows between these rows. Row 
spacing in all fields was approximately 30 inches (76 cm). Plot areas were at least 16 
rows from the field edge to avoid any field edge effect. Individual treatments were 
applied to single corn plants that were marked approximately ten feet apart. Due to these 
hybrids having the 5% blended refuge, all plants to receive treatments were tested for the 
Bacillus thuringiensis (Bt) toxin using Quickstix Combo (Envirologix, Portland, ME) to 
ensure all plants had the Bt toxin and were the hybrid listed.  
Infestation Process. WCM used for the 2016 study were the Nebraska (Type 2) colony. 
WCM used for the 2017 study were a different Type 2 colony, but is the same genotype 
as the Nebraska (Type 2) colony. Mites used to infest treatment source plants were 
established by seeding wheat cultivar ‘Settler CL’ into 15-cm-diameter pots (15 
seeds/pot) with standard greenhouse soil. Pots were then caged with 15-cm-diameter 
cylinders made of plastic sheeting. Cages had two holes (8cm diameter) approximately 
1/3 of the way up the cage and on opposite sides of the cage. Both the side vents and top 
of the cage were covered with Nitex® screen (250-micron mesh opening; BioQuip 
Products, Rancho Dominguez, CA). In 2017, due to multiple WSMV treatments, wheat 
for the WSMV treatments was seeded in black flats approximately 16x22x4 in (40.6 x 
55.9 x 10.2 cm, 4 row/flat, 20 seeds/row). Flats were covered with BugDorm (0.6 x 0.6 x 
0.6 m; MegaView Science Co., Ltd., Taichung, Taiwan) cages after planting. Wheat for 
other treatments in 2017 was planted in the 15-cm-diameter pots. Two weeks after 
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planting (2-3 leaf stage), wheat plants were moved to an isolated room in the greenhouse, 
and infested with Type 2 WCM. All plants were infested with leaf pieces that were 
approximately half an inch long (1.27 cm) with 10-30 mites from a three-week-old 
colony. Plant pieces were placed in the axil of the second leaf of every plant.   
 Three to four days after infesting, wheat plants were inoculated with the 
appropriate virus treatments. Inoculum was prepared by grinding virus positive tissue 
(WSMV or TriMV treatments) in sterilized distilled water at a 1:20 wt/vol ratio using a 
mortar and pestle. Carborundum was used to dust the plants to induce scarring of the 
plant tissue and inoculum was rubbed with moderate pressure onto the top half of the 
plants in the pot with the pestle. Only the top half was inoculated to avoid disturbing the 
mites. For the combined WSMV&TriMV treatment, inoculum for each virus was 
prepared and then mixed together and applied to the plants. The avirulent treatment was 
only inoculated with sterilized distilled water using the same process. Because HPWMoV 
is only mite transmissible, it did not receive mechanical inoculation, but these treatments 
were infested with a mixture of an established HPWMoV-viruliferous WCM colony and 
the Type 2 colony. The HPWMoV colony was also a Type 2 colony that was established 
in March 2017. The avirulent treatment consisted of only WCM and no virus. After 
inoculations, wheat pots and flats were kept for 3-4 weeks in the greenhouse to allow for 
mite buildup and virus development.  
 When infesting corn plants in the field, source wheat plants were harvested by 
cutting them at the base, and wheat plants from pots or flats within the same treatment 
were mixed together in a plastic bag designated for that treatment. These source plants 
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were used to infest the individual corn plants in the field. Each corn plant was infested 
with two wheat source plants corresponding to its designated treatment. In 2016, corn 
plants were infested on 19 July 2016 (silking/early R1 stage). In 2017, the first infestation 
date was 6 July 2017 (V15-V18) and the second infestation date was 18 July 2017 
(silking/early R1 stage). Individual plant infestations at the V15-18 stage in 2017 were 
done by gently stuffing the two wheat plants into the primary ear leaf sheath with a pair 
of forceps. For some corn plants, the primary ear location had to be approximated based 
on plant dissections and staging done on other representative plants within that field. 
When infesting an individual corn plant in the early R1 or silking stage, the two wheat 
plants were gently stuffed into the silks at the ear opening with a pair of forceps. 
Pollination bags (25.4 x 30.5 cm) (DelStar Technologies, Middleton, DE) were then tied 
on to the ear location to prevent the loss of the source plants and to contain the mites and 
allow them to establish. After 2-3 days, the bags were then removed so that pollination of 
the corn was not interrupted. After the infestation process, 10-15 remaining source plants 
were assessed to determine initial mite numbers and stored at -20°C for later virus testing 
via double antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA).  
Population and Virus Monitoring. WCM populations were monitored within the corn 
plots starting early August (late blister/early milk stage) (Abendroth et al. 2011) until 
mite populations declined to low levels. Populations were monitored by attaching 
uninfested two-week-old ‘Settler CL’ wheat plants in 4-cm diameter cone-tainers 
(Stuewe & Sons, Inc., Tangent, OR) (4 plants/cone) to the ear with 30-cm double wire 
plastic twist ties. ‘Settler CL’ wheat was established in the cones by seeding 4-5 seeds per 
76 
 
cone in standard greenhouse soil. Cone-tainers were immediately caged with cylindrical 
plastic cages (5-cm diameter, 50-cm height) that had 2-3 vents covered with Nitex® 
screen and topped with a plastic cap. The cones were tied to the ear so that contact 
between the top half of the ear and the wheat was maximized. The wheat was also lightly 
tied to the ear by wrapping a piece of yarn around the wheat and the ear tip to aid in 
keeping the wheat plants in place. The cones were left tied on the ear for a week. For a 
water source, 50 mL polypropylene centrifuge tubes were filled with water and the 
bottom of the cone was fit tightly into the tube. After attachment, cones were covered by 
pollination bags to enclose the trap cones on the ear and to keep other insects (i.e. 
grasshoppers) from damaging the wheat plants.   
  In 2016, every treatment in four random blocks for each field was monitored on a 
biweekly basis starting 14 August 2016. The same four blocks were monitored three 
times. F1-16 was only monitored the first week due to a high background mite population 
in the controls. After one-week exposure, the cones were removed from the field and two 
of the four plants from each cone were randomly selected and inspected for WCM using 
a stereomicroscope. For the last two sampling weeks, after selecting plants for counting, 
the remaining two plants in each cone were caged and held in the greenhouse for four 
weeks. This allowed mite buildup and possible virus development, if present. After four 
weeks, plants were scored for mite presence (0 = no mites, 1 = 1-10 mites, 2 = 11-100 
mites, 3 = 100+ mites) and stored in zip-lock bags at -20°C for later virus assay by DAS-
ELISA.  
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 For mite population sampling in 2017, two treatments, one non-infested control 
and one WSMV treatment, were monitored weekly in every replication in all four fields 
for three consecutive weeks starting 4 August 2017. When the cones were removed from 
the field, two of the four plants from each cone were randomly selected and assessed for 
WCM populations. Time constraints due to mite counting did not allow both population 
and virus sampling the same week, therefore, virus sampling only was done the following 
two weeks. After virus sampling, population sampling resumed and continued until field 
populations declined to very low levels.    
 In late August and early September 2017, fields were monitored for virus 
presence in the mite populations leaving the corn. This was done by attaching cones to 
the ears of each of the various virus treatments (control, avirulent, WSMV, 
WSMV&TriMV, HPWMoV) in all eight blocks in each field. Cones were left in the field 
for a week. Due to time constraints, this was done for fields F1-17 and F2-17 one week 
and for fields F3-17 and F4-17 the following week. When the cones were removed from 
the field, two of the four plants were used for WCM counting, and the remaining two 
plants were kept for virus assay using the same process as in 2016.  
 On 13 September 2017, grain moisture tests were conducted to determine if there 
was any relation with mite population decline and kernel maturity. Grain moisture was 
recorded with the Agratronix GMT-Grind Grain Moisture Tester (Agratronix Corporate, 
Streetsboro, OH). These tests were conducted weekly for each field until mite population 
sampling ended. Grain moisture was determined for four to five random ears that were 
not part of the plots. 
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 All virus assays were done with DAS-ELISA, by using the procedure outlined by 
McMechan et al. (2014). Each assay consisted of duplicate samples that were tested for 
WSMV, TriMV, and HPWMoV. Virus infected tissue that corresponded to the virus 
being tested was used as a positive control and healthy wheat was used as a negative 
control. A Multiscan FC Spectrometer (Thermo Scientific Inc. Dubuque, IA) was used to 
measure the absorbance at 405 nm. A sample was considered positive if the absorbance 
value was more than 2X the negative control absorbance value for that plate. 
Ear Dissections. To determine where WCM populations concentrate on the ear, 
dissections were done of the ear and plant parts near the ear. The samples were divided 
into 12 parts: stalk (from ear leaf node to node above ear), ear leaf sheath, ear shank, and 
the upper, middle, and lower third of the outer husks, inner husks, and the ear itself. The 
husk was considered an inner husk if at least 50% of the husk was touching the ear 
kernels. The ears were cut into thirds and placed onto high definition tape that was 
attached to black cardstock with double sided tape. The ears were then placed in covered 
plastic boxes for at least a month to allow the ears to dry, causing mites to leave the ear 
and get stuck onto the tape. These methods were patterned after those used by Harvey 
and Martin (1988). To prevent mold buildup due to high kernel moisture, every two to 
three days the boxes were carefully opened and aired out. After the ears had completely 
dried, they were removed from the tape, a grid was placed under the tape, and the mites 
on the tape were then counted under a stereomicroscope. The other nine individual parts 
were each washed in 70% alcohol and filtered with 0.22 and 0.45-micron filters (Merck 
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Millipore, Burlington, MA). Mites were then rinsed from the filters with 70% alcohol and 
stored at -20°C until they could be counted under a stereomicroscope.  
  In 2016, due to F1-16 having a high background population, one block from this 
field was sampled on 29 August 2016 to evaluate this ear washing method (Fig. 3.1). In 
2017, ear collections for these dissections were done on 18 August and 31 August. For 
each ear sampling date, a total of four WSMV treatment ears that were not previously 
used for data collection were randomly collected from separate replications in each field.   
KRS Evaluations. In both 2016 and 2017, the presence of KRS on the ears was rated. A 
0-9 KRS rating scale was developed, with 0 being no KRS present on the ears and 9 
being intense KRS symptoms throughout the entire ear (Table 3.1). The rating scale was 
based on identifying the third of the ear with the highest KRS incidence. Ratings 1-4 
mainly considered KRS presence on this third. KRS incidence was estimated for 
approximately 40 kernels to determine the ear rating. Ratings 4 and up evaluated KRS 
presence and increasing intensity extending beyond the highest third of the ear.  
Statistical Analysis. To analyze WCM populations, an area under the curve analysis 
(AUC) was calculated for each treatment throughout the season (8 for 2016 and 2 for 
2017) (Matis et al. 2009). The AUC data were analyzed to determine differences among 
the treatments. The AUC was calculated for each experimental unit that was monitored 
throughout the season using the trapezoidal method. In 2016, the AUC was analyzed as a 
randomized complete block design with an analysis of variance (PROC GLIMMIX in 
SAS 9.4). In 2017, the AUC was analyzed as a split-plot CRD design with an analysis of 
variance to determine if infestation date had any effect. Ear dissections from 2017 were 
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analyzed as a randomized complete block design with repeated measures to determine 
any differences in mite populations among the ear parts across the two sampling times 
(PROC GLIMMIX in SAS 9.4). PROC CORR was used to determine correlations 
between the KRS ratings and the AUC for the cones used to monitor mite populations. 
When significant, PROC GLM was used to obtain the regression equations for this 
relationship.  
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Results 
Mite populations and virus monitoring. In 2016, all wheat plants used for the 
infestation process had sufficient mites and tested positive for their corresponding 
viruses, except no virus was detected for the HPWMoV and the WSMV&HPWMoV 
treatments (Table 3.2). In 2017, all treatments had sufficient mites and tested positive for 
their corresponding viruses (Table 3.2). For both years, each field was analyzed 
separately because each had different corn hybrids and large differences in mite 
populations.  
 In 2016, the controls in F1-16 had a significant mite presence, indicating a high 
WCM background population. Therefore, this field was not included in the analysis. 
There were no significant differences for the AUC among treatments for the population 
monitoring of F2-16 (F7,16=2.15, P=0.0966; Fig. 3.2) or F3-16 (F7,18=0.83, P=0.5778; Fig. 
3.2).   
 Virus was detected from both the second and third set of population monitoring 
cones for the 2016 season (Table 3.4). No virus was detected from the control and the 
aviruliferous treatments. Some plants were lost to grasshopper consumption in the field 
for each collection date, accounting for the different totals for each virus treatment. 
WSMV was detected in 56% of the samples for F2-16 but only on the first collection 
date. One sample from the WSMV&TriMV treatment in F2-16 also tested positive for 
TriMV (50%, 2 plants total). WSMV was also detected in F3-16 on both collection date 1 
(45%) and collection date 2 (50%). There was no detection of TriMV in this field for 
either date.  
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 For the AUC analysis across each of the four fields in 2017, there were no 
significant differences between the two infestation timings and no infestation by 
treatment interactions were seen (P values ranged from 0.23-0.90).  All fields had low 
mite populations in the control treatments, except for F1-17 (Fig. 3.3). The control in F1-
17 indicated that there was a significant background population present. For F1-17, there 
was not a significant difference between AUC values for the WSMV and the control 
treatment (F1.6=1.15, P=0.3242). For the AUC analysis of F2-17, a significant difference 
was found (F1,6=23.57, P=0.0028) between the WSMV (AUC=12,370) and control 
treatment (AUC=402). For F3-17, the AUC for the WSMV treatment (AUC=4418) was 
significantly higher than the control AUC (AUC=307) (F1,6=10.58, P=0.0174). The AUC 
analysis of F4-17 also showed greater mite activity for the WSMV treatment 
(AUC=8633) than the control treatment (AUC=346) (F1,6=13.27, P=0.0108). For all 
fields, WCM populations reached their peak on the 2nd monitoring date and declined as 
corn plants matured and began to dry down. By 18 September, F2-17, F3-17, and F4-17 
were at an average 25-32% kernel moisture, approximately when the corn reaches kernel 
black layer (Physiological maturity). F1-17 did not reach an average 30% moisture until 
27 September.  
 Virus was detected in all fields in 2017 (Table 3.3). No virus was detected in the 
wheat cones from the control and avirulent treatments, except for one control in F1-17, 
that tested positive for HPWMoV. WSMV occurrence, as measured by positive infection 
of wheat cone plants, ranged from 25-69% and averaged 38% across all fields. 
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HPWMoV was also detected in all fields and its occurrence ranged from 38-88%. As in 
2016, only one plant tested positive for TriMV in 2017 in F1-17 (13%).  
Ear dissections. Overall, F1-17 had the highest average mite density per ear (13,188 
mites/ear) of all fields. F2-17 and F4-17 were intermediate in having an average of 8073 
mites/ear and 4692 mites/ear, respectively. F3-17 had the lowest mite density per ear 
(1709 mites/ear). There were significant differences between ear parts (F11,156=14.26, 
P<0.0001) as well as a significant ear part by date interaction (F11,156=2.57, P=0.0051) 
(Fig. 3.4). The majority of WCM were found on the husks (94% of collected mites) rather 
than the other ear parts (Fig. 3.4). The interaction resulted because the average mite 
density for all three portions of the outer husks dropped considerably for the second 
collection date, whereas there were no differences between the sampling dates for the 
other ear sections.  
 When analyzing for differences between fields, there was a field by treatment 
interaction for collection date 1 (F33,138=1.48, P=0.0637) and collection date 2 
(F33,137=1.48, P<0.0001). Therefore, the ear dissection analysis was done separately for 
each field. A contrast was also created to determine the overall difference between the 
husks and the other ear potions and husks significantly had more mites than the other ear 
portions (t value=11.41, P<0.0001).  Because of these large differences a separate 
analysis that included only the husks was done for each field (Fig. 3.5). In comparing the 
husk sections, there were no significant treatment by date interactions for F1-
17(F5,36=0.86, P=0.5199) and F4-17 (F5,36=1.03, P=0.4129), but there was a significant 
difference among the husk portions for F1-17 (F5,36=10.17, P<0.0001). In this field, more 
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mites were found on the bottom and middle portions of the inner husks. There were no 
significant differences among the husk portions for F4-17 (F5,36=1.95, P=0.1105) But, 
there were significant treatment by date interactions for F2-17 (F5,36=2.76, P=0.0326) and 
F3-17 (F5,36=3.35, P=0.0139). For both of these fields, the outer husk sections had 
significantly higher mite densities for the first collection date than for the second 
collection date; however, mite densities for the inner husks did not change between the 
two dates.   
 For ear parts other than the husks, no differences in WCM density were found for 
F1-17 (F5,36=1.88, P=0.1221), F3-17 (F5,36=1.44, P=0.2321), and F4-17 (F5,36=1.88, 
P=0.1227). Also, there were no significant treatment by date interactions for F1-17 
(F5,36=0.79, P=0.5623), F3-17 (F5,36=1.09, P=0.3845), and F4-17 (F5,36=1.55, P=0.1997). 
However, there were significant differences among treatments (F5,36=3.017, P=0.0208), 
but a significant treatment by date interaction for F2-17 was also significant (F5,36=3.64, 
P=0.0091). This interaction was due to the reduction in mite densities on the bottom and 
middle ear portions from the first collection date to the second collection date (Fig. 3.6).  
KRS Evaluations. In 2016, KRS was only found on ears from F1-16, which had a high 
background population, and F3-16. However, the streaking was still very minimal.  
 In 2017, no KRS was found in F3-17. In F1-17, F2-17, and F4-17 significant KRS 
was found. For F1-17, there was no correlation between the AUC and KRS (P=0.7277). 
However, significant correlations were found for F2-17 (P<0.0001) and F4-17 
(P=0.0053). A significant linear effect was found for the F2-17 regression line 
85 
 
(P<0.0001) which had an R2 value of 0.72 (Fig. 3.7). A significant linear effect was also 
found for F4-17 (P=0.0053), but a lower R2 value of 0.46 was found.  
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Discussion 
 WCM populations for both years reached their peak in early-mid August and then 
declined as the corn reached physiological maturity. Once the corn hit kernel black layer 
(30% kernel moisture), WCM populations were present in very low numbers (Fig. 3.3), 
indicating that WCM tend to leave corn before it reaches physiological maturity. In 2016, 
the corn reached physiological maturity a lot faster (late August) due to extended, hot 
temperatures, and WCM populations declined rapidly. However, in 2017, temperatures 
were not as consistently high, causing the corn to dry down at a slower rate. As a result, 
WCM populations did not completely dissipate until mid-late September (Fig. 3.3). 
Cooler and perhaps wetter summers may result in corn remaining green longer into the 
fall resulting in WCMs leaving corn at a much slower rate. A slower drop in WCM 
populations would increase the potential overlap of corn with the emerged new wheat 
crop and increase the risk of virus spread from the corn.  
 The high background mite population seen in F1-16 demonstrates that natural 
WCM populations can readily infest field corn. The source of these mites is not known, 
but the field was located approximately a quarter mile from a wheat field that was most 
likely the source of the mites.  
 Mite densities were very different from year to year and from field to field. 
Overall, fewer mites were found on the monitoring cones in the 2016 season than the 
2017 season. Many factors could have influenced this. Temperatures in 2016 were 
generally higher, and the corn plants reached physiological maturity faster than the 2017 
season. Compared to the other fields in 2017, F3-17 dried down faster resulting in WCM 
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densities rapidly dropping to near zero by late August. This field had more of an open 
canopy than other fields and a heavy weed population, which may help explain why this 
field dried down more rapidly than others. Other influencing factors influencing mite 
densities within a corn field may be the different locations, corn hybrid lines, and initial 
WCM densities found on the source plants.  
 WCM populations coming off of late stage reproductive corn were capable of 
transmitting WSMV, HPWMoV, and TriMV back to wheat (Table 3.3). Both WSMV 
and HPWMoV were found at high levels with this study (38% & 63%, respectively). 
These findings reinforce observations that WCM are capable of carrying HPWMoV into 
corn and to wheat at the end of the season. HPWMoV was found in one control from F1-
17, suggesting that either movement occurred within the plot or it came from the 
significant WCM background population. For every field in 2017, HPWMoV was 
transmitted at a higher rate than WSMV, indicating that corn is likely a primary source of 
HPWMoV in the field, and suggests that HPWMoV risk is increased when winter wheat 
is planted adjacent to a maturing corn field.   
  TriMV was detected via DAS-ELISA in one sample each year through virus 
monitoring; however, the titers for both these samples were just above the 2X cutoff. 
These data are the first evidence that suggests TriMV may be capable of being carried by 
WCM populations coming off of corn to winter wheat. Though corn is documented as a 
non-host for TriMV via mechanical inoculations (Seifers et al. 2010), no studies testing 
mite transmission to corn have been conducted. This emphasizes the importance of 
testing viral hosts by both mechanical inoculations and vector inoculations. Further 
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studies will be necessary to confirm the potential for WCM populations to carry TriMV 
from corn to wheat, but it appears that the risk for TriMV is much lower than for WSMV 
or HPWMoV.  
 Through the ear dissections, it was found that WCM populations are primarily 
found on the ear husks (94% of collected mites), rather than the cob of the ear (Fig. 3.4). 
Mite populations on the actual ear averaged less than 500 mites for both dates. However, 
it was not uncommon to find over an average of 5000 mites on the husks for the sampling 
times of this study. Nault and Styer (1969) sampled corn plants for natural WCM 
populations and found that WCM populations peaked at about 1000 mites per plant, 
documenting significant potential for corn to support WCM populations. The ear 
dissection sampling process was very labor intensive, but was effective in estimating total 
mite populations found on an ear at a certain time point and confirms the potential for 
significant WCM populations to persist on corn ears. This process may be useful for 
future studies with the wheat-mite-virus complex on field corn, but also shows that 
sampling the husks may be an accurate method to determine WCM presence in 
reproductive stage field corn.  
 These data also show that WCM populations tend to leave the ear as the ear dries 
down (Fig. 3.4, 3.5). In the 2017 fields, mite populations in the outer husks dropped for 
the second collection date. Outside husk tissues from the second collection date were 
drier and less green than the first collection date, which may account for the decline in 
mite density. Fields where populations did not significantly drop in the outer husks still 
had a very similar trend. In contrast, there were no significant differences between 
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collection dates and the inner husks for any of the fields. Inner husk conditions did not 
dramatically differ among collection dates and did not dry down as fast as the outer husk 
tissues. Over these two collection dates, WCM densities on the inner husks were more 
consistent, but it is expected that WCM densities will drop as the inner husks begin to dry 
down as well. Rather than moving inward on the husks as they dry down, WCM likely 
leave the husks. This source of mites coming off corn as the husks dry down may be 
problematic if green corn and emerging fall planted wheat overlap.  
 KRS varied between years and corn hybrids. In the 2016 fields, there was some 
KRS that was found, but symptoms were not severe. However, in 2017, KRS symptom 
severity varied between fields. No KRS was found in F3-17 but significant KRS was 
found in F1-17, F2-17 and F4-17. There was no correlation between KRS rating and 
AUC for F1-17, but for F2-17, there was a correlation between KRS rating and AUC or 
the overall mite numbers found throughout the season. This field also had the highest 
number of WCM found in the monitoring cones (Fig. 3.3). The regression line suggests 
that as the AUC increases (larger seasonal WCM densities) KRS presence also increases 
(Fig. 3.7). A similar relationship was seen with F4-17, though the regression line was not 
as strong of a fit. It is possible that the earlier infestation date may have increased the 
higher KRS incidence in 2017. Corn ears begin to develop in the early vegetative stages 
of corn (as early as V6) (Abendroth et al. 2011), and may be more susceptible to WCM 
feeding and subsequent KRS formation at these earlier stages.  
 Both F2-16 and F3-17 were planted with the corn hybrid P1197AM. In both 
years, little to no KRS was found in these fields, even though there were significant 
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WCM populations in both years. The potential for this hybrid to get KRS seems low even 
when there is significant WCM presence. F2-17 had the highest WCM population (Fig. 
3.3) and the most severe KRS symptoms out of all fields. Corn hybrid P1498AM was 
planted for F1-16 and F4-17 and had large WCM populations and KRS incidence in both 
years. The KRS severity of a KRS susceptible corn line may be more dependent on 
WCM density than a corn line that is less susceptible to KRS formation.  
 This study demonstrates that reproductive stage field corn can support high 
density populations of viruliferous WCM, even though corn remains resistant to all 
viruses the mite transmits. The viruses may be able to infect corn, but may stay localized 
in the ear where WCM are feeding, allowing viruliferous WCM populations to persist. 
Mite populations are capable of reaching high densities and carrying their associated 
viruses from corn to wheat. It is important to consider the potential for corn to serve as a 
green bridge host in regions where corn and fall planted wheat overlap. If corn remains 
green and overlaps with the emerged new wheat crop, mites moving from the corn may 
pose a risk to adjacent fall planted wheat. Environmental conditions that allow the ear 
husks to stay greener for a longer period of time may elevate this risk. Stay-green 
hybrids, hybrid genotypes, plant characteristics, and the use of fungicides may also 
extend this green period (Troyer and Ambrose 1971, Thomas and Howarth 2000, 
Byamukama et al. 2013.) This study provides a better understanding of the potential of 
corn as a green bridge host and will ultimately allow a better prediction of risk where 
corn and fall winter wheat seasons overlap.  
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Tables and Charts 
Table 3.1. Kernel Red Streak rating scale for whole corn ears 
 
KRS 
Rating 
Highest ear 1/3 with KRS 
(kernels with KRS/40 
kernels) 
Whole 
Ear 
Intensity 
Description of streaking 
0 0 - No KRS present. 
1 4 (10%) - 
KRS localized on 1/3 of the ear. 
Very low incidence. 
2 10 (25%) - 
KRS localized on 1/3 of the ear. 
Number of kernels with KRS 
increases. 
3 20 (50%) - 
KRS localized on 1/3 of the ear. 
Number of kernels with KRS 
increases 
4 30 (75%) + 
 KRS starting to extend past the 
highest ear third with the KRS 
presence. 
5 >35 ++ 
Limited streaking throughout ear. 
Kernels with KRS have single 
streaks 
6 >35 +++ 
Most of ear has streaking. Most 
with single streaks. 
7 >35 ++++ 
Entire ear has streaks. Many of the 
kernels have double and triple 
streaking occurring. 
8 >35 +++++ 
Entire ear has streaks. Multiple 
streaks occurring on many kernels. 
9 >35 ++++++ 
Entire ear with streaks. Multiple 
heavy streaks on many kernels. 
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Table 3.2. Average mite density on wheat plants1 used to infest individual corn 
plants for both the 2016 and 2017 seasons.  
 
Average Mite #/Wheat Plant 
 2016 2017 
Treatment 
Infestation Date 
July 19 
Infestation Date  
July 6 
Infestation Date 2 
July 18 
Avirulent 715.7 721.9 1710 
WSMV 675.2 1227.2 1479 
TriMV 283.6 - - 
WSMV&TriMV 440 762.3 478.9 
WSMV&HPWMoV 221.2 - - 
HPWMoV 579.7 419.9 562.3 
  1 All treatements tested positive for their corresponding virus except for HPWMoV 
treatments in 2016. No HPWMoV was detected in 2016 source plants. 
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Table 3.3. Virus infection rate for wheat plants used to monitor virus for the 2016 
and 2017 season.   
  No. of Positive Plants/Total Plants for each Virus 
Treatment (%) 
   WSMV&TriMV  
Field Sample Date WSMV WSMV TriMV3 HPWMoV1,2 
F2-16 25 Aug. 3/7 (43%) 2/2 (100%) 1/2 (50%) - 
F3-16 
F2-16 
F3-16 
F1-17 
F2-17 
F3-17 
F4-17 
25 Aug. 
8 Sept. 
8 Sept. 
30 Aug. 
30 Aug. 
6 Sept. 
6 Sept. 
2/7 (29%) 
0/7 (0%) 
3/7 (43%) 
5/8 (63%) 
5/8 (63%) 
3/8 (38%) 
2/8 (25%) 
2/2 (100%) 
0/3 (0%) 
2/3 (67%) 
6/8 (75%) 
1/8 (13%) 
1/8 (13%) 
2/8 (25%) 
0/2 (0%) 
0/3 (0%) 
0/3 (0%) 
1/8 (13%) 
0/8 (0%) 
0/8 (0%) 
0/8 (0%) 
- 
- 
- 
6/8 (75%) 
7/8 (88%) 
3/8 (38%) 
4/8 (50%) 
Total  - 23/60 (38%) 16/42 (38%) 2/42 (5%) 20/32 (63%) 
1 HPWMoV was found in one control for 2017. 
2 No HPWMoV found in 2016, WSMV&HPWMoV treatment added to single WSMV 
column. 
3 Single TriMV treatment in 2016 resulted in no virus. 
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Figure 3.1. Average WCM density1 for preliminary ear dissection data from 2016. 
Total of eight ears dissected. 
 
   1 Error bars represent standard error. 
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Figure 3.2. Average WCM density on monitoring cone wheat plants across the 
sampling season with the seasonal area under the curve (AUC) calculated1 for each 
field sampled in 20162.  
 
 
   1 No significant differences between treatment AUC values for either field according to 
Tukey’s test for multiple comparisons (P<0.05). 
   2 F1-16 had a high background population and was not used in the analysis. 
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Figure 3.3 Average WCM density on monitoring cone wheat plants1 across the 
sampling season with the seasonal area under the curve (AUC) calculated for each 
field sampled in 2017. 
 
   * Indicates significant difference between WSMV and control treatment AUC values 
according to one-way ANOVA test (P<0.05). 
   1 Error bars represent standard error. 
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Figure 3.4. WCM density averaged across all fields1 for various ear dissection parts 
for 20172.  
 
   1 Error bars represent standard error. 
   2 Different letters indicate significant differences between ear parts at a collection date 
according to Tukey’s test for multiple comparisons (P<0.05). 
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Figure 3.5. Average WCM densities1 found on ear husks2 for both sampling dates 
for each field in 2017. 
   
  
   * Significant difference between collection dates for ear parts according to Tukey’s test 
for multiple comparisons (P<0.05). 
   1 Error bars represent standard error. 
   2 Different letters indicate a significant difference among treatments according to 
Tukey’s test for multiple comparisons (P<0.05). 
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Figure 3.6. Average WCM density found on ear parts other than the husks1 for F2-
17.  
 
   * Indicates a significant difference between collection dates within ear parts according 
to Tukey’s test for multiple comparisons (P<0.05). 
    1 Error bars represent standard error. 
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Figure 3.7. Regression plots for area under the curve (AUC) for the monitor cones 
vs. KRS in the 2017 season. Only plots with significant correlations are shown (F2-
17 & F4-17). 
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